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SUMMARY 
C H A P T E R - I 
Genera l I n t r o d u c t i o n 
Owing to conceptual and experimental difficulties, 
the studies of solid-solid reactions are much less common 
than those in gases and liquids. Systematic studies of 
1 
such reactions were for the first time made by Faraday 
in the "beginning of the nineteenth century. Later on 
reactions between inorganic solids were observed by Spring 
and others '. J. A, Hedvall suggested that solid-solid 
reactions occur by the motion of lattice ions. 
The formation of ferrites and other spinels by 
reaction in solid state had been studied by Fricke and 
Huttig to elucidate phenomenologically the various stages 
of interactions between two solids. Because of the appli-
cation of ferrites to solid state electronics, many more 
studies have been carried out in this area. Due to their 
electrical and magnetic properties, this group of substances 
has become indispensible to the electronic industry today, 
and it can be truthfully said that the entire technology 
of high frequencies between 10 to 10 Hz would have been 
different were ferrites not available for use as control 
or circuit elements. 
In 1957 Stookey*^ *® showed that by making suitable 
addition to a wide range of glass compositions and heat 
treating materials having desirable mechanical and elec-
trical properties could he obtained. Products harder than 
steel, lighter than aluminium and stronger than ordinary-
glass have been produced. 
Commercial interest in the solid state reactions 
between calcium carbonate (or lime) and quartz has spurred 
a considerable amount of research in this system. The 
9 10 11 
preliminary work by Dykerhoff , Wyer and Tromel indi-
cated that calcium orthosilicate (Ca2SiO^) was the first 
reaction product to appear, regardless of the temperature 
or the initial mole ratio of the reactants. Agreement as 
to the order of appearance of subsequent phases such as 
Ca^SioO™ and CaSiO-, was lacking in these early studies. 
3 2 7 5 12 Jander and Hoffmann confirmed the earlier conclusion that 
CapSiO. was always the first product to form in the dry 
13 14 
atmosphere. Fukisaka and Verduch studied these reac-
tions further. 
Solid electrolytes, compounds with practically pure 
ionic conductance can be used to construct galvanic cells 
suitable not only for batteries or fuel cells but also for 
1 5 
measurements or control engineering purposes . aalvanic 
cells containing solid electrolytes can be used to find 
out chemical potentials or the thermodynamic activities. 
0 
partial pressures and free energies for the processes 
occurring in solid state. 
All physical as well as chemical solid state pheno-
mena are largely dependent on the predominant role of lat-
tice structure and imperfections. Lattice imperfections 
show their influence on all types of elementary steps which 
are conceivable in a solid state reaction. They often, 
for geometric as well as energetic reasons constitute pre-
ferred sites for reaction and nucleation, either in the 
bulk of the solid or at its surface. Lattice defects make 
solid state diffusion possible, and thus enable the reac-
tants to reach each other. 
Whether Schottky or Frenkel defects predominate 
in a particular crystal depends on the relative values of 
free energy of formation of Schottky (Gg) and Frenkel 
(Gt ) defects, which, in turn are essentially determined by 
geometrical factors. 
If a defect is introduced, the vibration frequencies 
for the Z neighbouring lattice atoms change from y to T;. , 
so that the change in the free energy accompanying the 
introduction of a mole of defects is of the order of 
r ^^1 ^^o 
The corresponding entropy change -O^Gr/1'^ i s therefore 
given by 
^ Do 
For Z = 6 and — = 2 (or y2) , numerical values of AS of 
Do ^ 
the order of 8.4 Cal/Mol are obtained. 
The transport of matter in the solid state, and thus 
also the reactivity of solids, are dependent upon the mobi-
lity of the individual particles in the lattice. The rate 
constants (i.e., the transport coefficients) in crystal-
line phases are directly related to the atomic disorder 
and usually the higher the atomic disorder, the higher is 
the corresponding transport coefficient. 
Diffusion mechanisms 
The elementary steps of diffusion are only possible 
because of the existence of lattice defects. A single 
phase polycrystalline material consists of crystallites 
containing point defects, dislocations and low-angle grain 
boundaries. Between the crystallites there are high-angle 
grain boundaries and, finally, the solid itself is bounded 
by surfaces. All these individual imperfections must be 
treated as different phases when we are considering diffu-
sion in the lattice, since the mobility of the diffusing 
particles can te very different in the -various lattice 
regions and in the imperfections. 
In addition to volume diffusion within single crys-
tals, there are many practical diffusion phenomena that 
depend upon surfaces, grain boundaries, pores, cracks, 
dislocations, etc. For the most part, regions of lattice 
imperfections in a solid are regions of increased mobility 
of structural elements. Depending upon the fraction of the 
total material which is included in the distorted regions, 
and depending upon the temperature, the diffusion in these 
regions can exceed the volume diffusion which has been 
discussed upto now. This can have decided effect upon the 
kinetics of solid state reactions. In general, the activa-
tion energy for volume diffusion is higher than that for 
other diffusion mechanisms. Thus, it is to be expected 
that, in fine-grained samples or in samples with high dis-
location densities, diffusion will be structure-sensitive 
at lower temperatures, while near the melting point, volume 
diffusion, which is independent of the line and planar 
crystal imperfections, will prevail. 
Surface diffusion occurs when particles of the 
crystal or adsorbed foreign particles move along crystal 
surfaces. Since surfaces usually exist in contact with 
1) 
other phases, specific adsorption and chemisorption effects 
occur. Because of these effects, and because of the compli-
cated structure of the surface, the diffusional processes 
are very dependent upon the experimental conditions. For 
instance, depending upon the crystal indices of the lattice 
plane at the surface, the number of kinks and jogs can vary. 
The concentration of mobile adsorbed particles i is deter-
mined by equilibria of the type: i (Zink) ^ ^ i (ad). 
Thus, the surface diffusion coefficient is dependent upon 
the indices of the lattice plane at the surface. 
In and near grain boundaries and phase boundaries 
one observes a loosening of the cr3rstal. Thus, the average 
jump frequency of particles i is in general greater here 
than it is in the bulk of the crystal for comparable or 
higher concentrations of defects. At the same time, the 
activation energy for diffusion in these interfaces is gene-
rally lower than the activation energy for voliime diffusion. 
The activation energy for surface diffusion proper should 
be closely connected with the enthalpy of vaporization. 
This is obvious if we consider that when a particle becomes 
activated in order to make an elementary diffusional step 
at the surface it is part way to becoming completely sepa-
rated from the surface. That is, it is part way to vaporiz-
; 1 
ing. Surface diffusion or in te r fac ia l diffusion can be 
studied in many ways 
Dislocation must also be taken into consideration 
as possible high mobility paths for pa r t i c l e s . The den-
si ty and the spat ia l arrangement of dislocation are very 
d i f f icu l t to control. Thus, even for single crys ta l , t rans-
port coefficient can be structure-sensi t ive at temperatures 
less than about half the melting temperature where voliime 
diffusion no longer predominates. There are two transport 
phenomena which are connected with dislocat ions. 
1. During the diffusxon of a foreign material in a 
solid solvent ( e . g . , the diffusion of phosphorus in s i l i -
con) , a s t ress field i s bui l t up because of changes in 
l a t t i c e constant with solute concentration. This in turn 
can cause dislocations to be formed, and p las t ic flow i s 
involved. The dislocations are then carried along with 
diffusion front. In t h i s way, the diffusion coefficient 
at the reaction front can become al tered. 
2. If a crystal i s deformed and i s then subsequently 
annealed back to complete recovery, most of the dislocations 
wil l be found to be ordered as low-angle grain boundaries. 
If the dislocations serve as paths of rapid transport , then, 
based upon the previously described model for low-angle 
0 
grain boundaries, it is to "be expected that the transport 
coefficients will depend upon the angle between the trans-
port direction and the low-angle grain boundaries. A 
strong anisotropy should thus be observed, depending upon 
whether material is transported in the direction of the low-
angle grain boundary or perpendicular to this direction. 
17 1R 
These predictions can be experimentally tested * 
When penetration inside a grain occurs, it mostly 
involves the rotation and defect mechanisms. On the other 
hand, when lateral diffusion occurs, defect mechanism may 
be operative. For surface migration and grain boundary 
diffusion, the activation energy for diffusion is very low 
of the order of 5 Kcal/mole. On the other hand, the acti-
vation energy for the bulk diffusion is of the order of 
25 Kcal/mole. The following considerations are useful in 
deciding the mechanism in the solid state. 
1. Diffusion would occur predominantly by that mecha-
nism which requires the lowest activation energy. When the 
activation energy is much higher than the heat of sublima-
tion, diffusion via the vapour phase is likely. Yery low 
value of activation energy would indicate either surface 
migration or grain boundary diffusion. 
9 
2. If the initial rate of reaction (fraction con-
verted per sec) is directly proportional to the dissocia-
tion pressure of the species, one can conclude the reaction 
has occurred via the vapour phase. 
3. Experiments with react ants separated by an air-
gap and an adjacent positions can decide whether surface 
diffusion or vapour phase diffusion is involved. If the 
reaction rate is the same in two cases, it means that the 
reaction is occurring via the vapour phase. On the other 
hand, if no reaction occurs when the reactants are separated 
by an air-gap, vapour phase diffusion does not occ\ir. Using 
the simple criterion, it has been shown that in reaction 
between naphthols and picric acid, the diffusion of the 
19 
reactant occurs by surface migration 
4. The penetration inside the grain in many cases 
like the oxidation of metals, involves the diffusion by 
defect mechanism. But this would occur only when the pro-
duct has a defect structure. Many solid state reactions 
are just interface reactions, since the penetration or 
diffusion through the product is not possible. In decid-
ing whether the diffusion by defect mechanism is occurring 
or not, inertmarkers have been employed2°. If displacement 
of inertmarkers is proportional to the square root of 
I'J 
diffusion time, defect mechanism is confirmed. 
The mechanism of a solid state reaction is often 
quite complex and includes several elementary steps. For 
each reaction, one of such steps is rate determining, and 
the over all reactivity is determined by the factors con-
trolling the rate determining step. These factors will he 
termed here "internal" chemical nature of substance invol-
ved (i.e., Lattice Defects), since they are inherent to the 
reacting system considered. They are essentially the struc-
tural and energetic factors associated with the chemical 
nature of the reaction partners and products, with the 
lattice involved and with the defects present therein. 
The study of the influence of internal factors on 
the reactivity of solids essentially amounts to the obser-
vation of changes in the reaction rate by varying the struc-
tural and energetic parameters of the reacting system, A 
widely used method, studying the influence of internal fac-
tors on reactivity, involves the variation of "external 
factors" which includes temperature, irradiation, electrical 
voltage, mechanical pressure, gas pressure, thermal treat-
ment and doping, etc. It should be mentioned that the 
action of external parameters is not always to affect the 
internal factors. Sometimes an external factor modifies 
i 1 
the identity of the rate determining step by altering the 
reaction mechanism, thus modifying the overall reactivity. 
For example, a rise in temperature may provoke the "blister-
ing and cracking of a protective oxide film on a metal, 
thus causing a transition from diffusion-controlled to sur-
face-reaction-controlled regime and hence an increase in 
oxidation rate. 
Striking effects exerted on the reactivity by the 
geometry of the reactant lattice (so-called "topochemical" 
effects) have been found in the photodimerization of orga-
nic compounds such as cinnamic acid, anthracene and their 
21-25 derivatives •^. The principle in this type of processes 
is that the reactions occur with a minimum amount of atomic 
or molecular movement, so that they are controlled by the 
distances and orientations determined by the crystal struc-
ture. Evidence for the topochemical effect is provided by 
observations like the following: 
(a) A given organic compound often reacts differently 
in the solid and in liquid phase. For instance, trans 
cinnamic acid photodimerizes in the solid phase, but not in 
the melt or in solution. On the other hand, dibenzylidene 
acetone fonns photodimers in solution, but not in the solid 
st at e. 
J. (^  
(b) Polymorphic modifications of a given organic 
compound show significant differences in chemical beha-
viour, as in reaction rate and products. For example, 
trans-cinnamic acid crystallizes in three different oc , 
p, and y-structures. Accordingly o< form photodimerizes 
to o(~truxillic acid and j9 form to jB-truxillic acid, where-
as >^  form is photo chemically stable. 
The presence of impurities greatly affect the decom-
position of NH.CIO. that is used as a rocket propellant 
The induction period is much longer in specially purified 
sample than in commercially available material. A large 
number of additive promote the reaction either by shorten-
ing the induction period, increasing the reaction rate, 
increasing the final extent of decomposition or by a combi-
nation of these factors. Among the effective additives, 
metal oxide such as ZnO, CuO, NiO, as well as ions, like 
Ag , Ca and Fe should be mentioned. 
As in solid-solid reactions, reactants are never 
initially mixed at the molecular level, they must, there-
fore, diffuse or penetrate into each other, if a reaction 
is to occur in solid phase. Thus the spatial coordinates 
become a controlling factor, and a complete description of 
the system requires the development of relationships bet-
ween time, concentration and at least one spatial coordi-
nate. 
¥e recognise, thus, two fiindamental processes in a 
sol.i d state reaction: 
(a) the chemical reaction itself during which formation of 
new phase (nucleation) appears; 
(b) transfer of matter to reaction zone (growth of nuclei). 
In general, both the transport processes and phase 
boundary processes involve a series of individual steps. 
In such a sequence, each individual step will have a speci-
fic rate constant associated with it. A "virtual maximum 
rate" may then be defined as the rate that would be found 
if equilibrium were established for all previous steps. 
Under these conditions, the reaction with the lowest "vir-
tual maximixm rate" controls rate of reaction. Thus for 
a solid state reaction, the rate is controlled either by 
the reaction at the interface or by the transport of reac-
tants to the reaction zone. 
Different models for solid state reactions in powder 
compacts, based on following rate controlling mechanisms 
are discussed. 
u 
(a) Diffusion of react ants through a continuous product 
layer; 
(b) Nuclei growth, and 
(c) Phase boundary reactions. 
The rate of a solid state reaction is controlled 
either by the chemical combination at the interface or by 
the transport of reactants to the reaction zone. In diffu-
sion-controlled reactions (considering only plane surface, 
unidirectional diffusion, and constant diffusion coeffi-
cient) the thickness of the product layer Y is related to 
reaction time t by the well known parabolic rate law 
Y^ = 2kt ... (1) 
where k is a proportionality constant. 
Several other empirical and semiempirical rate laws 
such as: 
(i) Y^ = k^ t 
(ii) Y^ - kgt 
(iii) Y^ + Yb = k^ t 
(iv) Y = k^ t 
(v) Y = k^  log t 
:i 
have been proposed to describe the course of different 
solid state diffusion controlled reactions. Generalized 
equations Y = k^t^ and Y^ = Kjt have also been used by 
Rastogi and Beg , respectively. In these equations k^  , 
kp, k^, k. , kj., k^  and k^, b and n are constants. 
A number of modifications of equation (1) have been 
suggested in terms of the fraction of the sample reacted. 
29 
Of these, the more important ones are those by Jander , 
30 31 32 
Kroger-Ziegler ' •, Zhuravlev , Ginstling and Brounsh-
33 34 35 
tein and one developed independently by Carter * and 
36 Valensi . These equations have been critically discussed 
37 3ft 
by Luthra and Habashi and are as follows; 
Jander, P 
kjt =U-(1 - 3c)^ /^ J ... (2) 
Kroger-Ziegler, 
-,2 
kj^ 2 In t = £ 1-(1 - x)^5j _^ (3^ 
Zhuravlev-Le so khin-T emp elman, 
^ZIT* Ld^^P^ 
J2. 
' -1 
... (4) 
Ginst l ing-Brounshtein , 
k^gt = 1 - | x - (1 - x)2/5 
. . . (5) 
Carter -Valens i , 
r- - ,2 /3 p/-? 
Z - p + (2 - 1 ) x ] _ (z - 1)(1 - x) ' ' /^ 
^^ (Z - 1) 
. . . (6) 
where x i s the f r ac t ion of r eac t ion completed in time t , 
Z represen t s the volume of the reac t ion product formed per 
\init volume of the reac tan t consumed, and k i s the spec i -
f i c r a t e constant . 
J ande r ' s equation i s appl icable for large sphere 
with a small product l ayer t h i ckness , where the surface 
area or the reac t ion may he assumed to he p r a c t i c a l l y un-
changed. This equation i s , t h e r e f o r e , t r ue only in the 
i n i t i a l s tages of the r eac t ion . The second equation takes 
in to account the change in area hut ignores poss ib le volume 
changes due to r eac t ion . The Carter-Valensi equation, how-
ever , takes care of these f ac to r s and may be considered 
exact upto 100^ r eac t ion . These observat ions have been 
ve r i f i ed for a p a r t i c u l a r system (ZrCl.-NaCl) by Luthra . 
Nuclei growth model 
This approach considers the nucleat ion of the pro-
duct phase at ac t ive s i t e s and the r a t e at which the nuc-
lea ted p a r t i c l e s grow. The general form of the k ine t i c 
39-41 
equations for nuclei growth models is 
m (1 - x) = -(kt)'° ... (7) 
where m is a parameter which is a function of (a) reaction 
mechanism, (b) number of nuclei present, (c) composition 
of parent and product phases, and (d) geometry of nuclei. 
Christian suminarized the values of m which may be obtained 
for various boundary conditions. If a solid state reaction 
can be represented by a nuclei growth model according to 
equation (7), a plot of In In ^ ^  ^ vs In t (nuclei growth 
analysis) should yield a straight line with slope m and 
intercept m In k. 
Phase Boundary model 
When diffusion through the product layer is so rapid 
that the reactants cannot combine fast enough at the reac-
tion interface to establish equilibrium, the solid state 
reaction is phase boundary controlled. The product layer 
is discontinuous when the molar volume of the product phase 
is considerably less than that of the reactant on which it 
is growing. According to Laidler^^, when a discontinuous 
product phase occurs, the rate-determining step may be the 
chemical process occurring at the phase boundary. Under 
these circumstances the rate is determined by the available 
interface area, and such processes are referred to as 
'1 
topochemical. 
Equations relating x and t have been derived for 
simple geometrical systems assuming that (a) the reaction 
rate is phase boundary controlled, (b) the reaction rate 
is proportional to the surface area of the fraction of un-
reacted material, and (c) the nucleation step occurs vir-
tually instantaneously so that the surface of each parti-
cle is covered with a layer of product. The models deve-
loped from the foregoing boundary conditions are termed 
44-phase boundary controlled or contracting volume kinetic 
models. For sphere reacting from the surface inward the 
relation between fraction reaction completed and time is 
kpgt = 1 - (1 - x)^^ ... (8) 
And for a circular disc reacting from the edge inward, or 
45 for a cylinder , the rate equation is 
kpgt = 1 - (1 - x)^ /2 ^^ ^ ^ g^  
Equations analogous to classical rate equations, 
mainly for expressing and correlating data, have often 
been applied to solid state reactions. The integrated 
form of the general kinetic equation based on the concept 
of an order of re-.ctj on is 
19 
7-^ T r ^' r - '^~]= \!!± ...(10) 
(^ -1) L(i-x)^-i J 
in which n is the so called order of the reaction and is 
< 1. For certain values of n, equation (10) leads to 
some of the equations based on the physical models. When 
n = 2/3, equation (10) is identical to equation (8); like-
wise, when n = y2, equation (10) is identical to equation 
(9). When the rate determining step is the nucleation 
process and there is equal probability of nucleation at 
each active site, one obtains by analogy with radioactive 
46 decay a kinetic equation of the first order . Whenever 
the rate of reaction is proportional to the volume of un-
reacted material present it is, according to the nomencla-
ture of classical reaction kinetics, a first order reac-
tion. At present values of n other than 1/2, 2/3, and 
1 lead to equations with no obvious physical significance. 
^i J 
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C H A P T E R - I I 
Chemistry of Or thodihydroxyphenols 
"1 '~' 
Three special features of solid state reactions are 
(i) Chemically closely related compounds show significant 
differences in chemical hehaviour in solid state, (ii) A 
given compound reacts differently in the solid and dispersed 
state and (iii) Polymorphic modifications of a given com-
pound show remarkable differences in chemical behaviour. 
These features have attracted the various investigators to 
prepare and study the new types of products in the solid 
st at e. 
The literature survey reveals that though the work 
on solid state interactions is in abundance, the interest 
upto the middle of this century was mostly limited to the 
study of inorganic reactions. During the last 30 years, 
however, the study of organic reactions in solid state has 
progressively been coming up. It still seems that very-
little attention has been paid to the study of solid state 
interactions of inorganic and organic compounds. 
Ortho-dihydroxy phenols that are wide spread in bio-
logical kingdom, are known to give coloured complexes with 
V and VI group transition metal oxoniiim anions, whose com-
position, in some cases is pH dependent. Further the 
darkening of plants and vegetables on drying is sometimes 
a t t r i b u t e d to the n a t u r a l oxidat ion of o-dihydroxy phenols 
present in the system. The wide spread occurrence and im-
portance of t r ace elements in l i v i n g organisms tempted me 
to study the i n t e r a c t i o n of o-dihydroxy phenols with vana-
d a t e , molybdate and tungs ta te in sol id s t a t e . 
Aromatic o-dihydroxy phenols are suscept ib le to 
ox ida t ion . Solut ions of a l k a l i metal s a l t s in presence 
of pyrocatechol absorb oxygen on s tanding, r e s u l t i n g in a 
colour change to green, then to brown and f i n a l l y to black. 
While careful oxidat ion of pyrocatechol y i e l d s o-benzoqui-
none, more vigorous oxidiz ing agents cause degradat ion. 
Pyrocatechol i s the most ac t ive reducing agent of the three 
d ihydr ic phenols. Pyroga l lo l (1 ,2 ,3- t r ihydroxy benzene) i s 
the s t rongest reducing agent among the polyphenols. I t i s 
thus oxidized rap id ly in a i r , a lka l ine aqueous so lu t ions 
being darkened when exposed to a i r . Pyrogal lo l on a i r ox i -
da t ion in presence of NH^  y i e l d s a brownish black to black 
l u s t r o u s powder, which i s almost inso lub le in water , a lco-
hol or e ther but soluble in a l k a l i e s . 
Ortho-dihydroxy phenols act as b identa te l igands . 
Evidence of chela te formation by polyhydric phenols i s the 
occurrence of absorbance maxima in the short-wavelength 
range of the v i s i b l e region tha t are not present in the 
spectra of such phenols . Most polyphenols have absorbance 
2 
maxima in the 400 nm region . 
Halmekoski has shown a definite correlation between 
the logarithm of the stability constant of the chelate and 
the square of the oxidation state of the metal ions divided 
by its ionic radius for the reaction of molybdenum(VI), 
tungstate(VI), vanadium(V) and tin(IV) with various poly-
hydric phenols. The bond strength tends to increase with 
the ease with which metal ion accepts electrons and the 
3 ligand donates electrons . 
Ordinarily a chelate is stabler than the correspond-
ing complex with an equivalent number of unidentate ligands. 
This stability increase, known as the chelate effect, is not 
due to any special force acting within the chelate, but is 
a general effect that is largely independent of the nature 
4 5 
of the metal ' and is primarily the result of a more posi-
tive entropy change for the complexation reactions. 
A five membered ring which is free from strain shows 
highest chelate effect. With the two o-dihydroxy groups 
involved, a five membered ring is formed on chelation. For 
such a five membered chelate ring formed by a bidentate 
ligand also involves the two neighbouring carbon atoms. 
9 
wMch should form part of a n-electron system. 
For stable chelate formation "by a multidentate 
ligands, at least one group must be of a different type 
in order to eliminate either strain within the condensed 
chelate ring structure if all groups take part in the com-
plex formation or possible competition between pairs of 
ligand atoms for the central metal ion . Of the three 
adjacent hydroxyl groups attached to an aromatic ring, it 
has been shown that due to steric factors only the neigh-
bouring two are involved in chelate ring formation. 
In general, reagents giving charged complexes form 
water soluble species whereas those yielding electrically 
neutral species serve as precipitants and extractants . 
In both cases it has been shown that compounds with oxygen 
donors are nonselective, combining with any metal ion hav-
ing a charge greater than unity. Selectivity, however, can 
usually be improved by appropriate adjustment of the acidity 
and the use of masking agents. Ortho-dihydroxy phenols are 
considered to be particularly nonselective and react with 
many metal ions, especially those in tetravalent or higher 
state. Somer has studied the reactions of many of these 
reagents with more than 30 cations. 
d \i 
The characterization of ligand needs the knowledge 
of its nature and the basicity of its donor atoms. In the 
comparison of various oxygen ligands, the stability of the 
co-ordination bonds formed has been observed to increase 
regularly with the basicity of the ligands, as measured by 
3 
proton addition . 
The stability of pyrochatecol type chelates is in-
creased by the introduction of electron releasing substi-
7 ft 
tuents on the aromatic ring. Fernandes * observed that 
when a carboxyl group is present closer to the two hydroxyl 
groups, the complexes formed are more stable than that with 
pyrocatechol itself. The other workers suggest that the 
presence of a carboxyl group provides the largest increase 
in stability for the complexes formed by the simple pyro-
catechol derivatives. The introduction of additional 
hydroxyl group also appears to increase the stability. 
The stability of the phenolic complexes also depends 
upon the solvent and its concentration. The stability of 
the complexes in aqueous alcoholic solutions increased in 
the order: methyl alcohol <ethyl alcohol < propyl alcohol 
< isopropyl alcohol and with increasing concentration of 
the alcohol. 
Polyhydric phenols, inspite of their relatively 
poor selectivity, are useful reagents for the photometric 
determination of polyvalent cations of the lighter elements 
(Aluminium, Titanium, Vanadium, Niobium, Molyhdenujn and 
Tungsten, etc.). They are, however, less important for the 
determination of polyvalent cations of certain heavy ele-
ments (Uranium, Thorium, Barium and Radium, etc.). 
Kinetics of the complexation of diphenols with oxo-
9 10 
anions has been studied by Kenneth Kustin and coworkers'^* 
by employing stop-flow technique and have established that 
the complexation of diphenols takes place in two steps and 
the forward rate constant of the first step of complexation 
are changed by substitution on the benzene ring of pyro-
catechol. The order is pyrogallol > gallic acid > L-dopa 
> 3,4-dihydroxy benzoic acid > pyrocatechol. By substi-
tuting a carboxylic and amino acid group on the ring, for-
-1 -1 
ward rate constant is increased from 120 to 240 M sec 
Both pyrogallol and gallic acid which have three hydroxy 
groups on the benzene ring, have almost the same forward 
rate constants, and these are about 6 times larger than 
that of catechol. They have shown that prior to complexa-
tion pyrocatechol ajid pyrocatechol derivatives ionize into 
the solution as follows: 
Pyrocatechol 
X OH -OH 
+ H" 
Pyrogallol 
OH 
OH 
~0H 
OH 
0 
O^H 
+ H 
HOOC 
G-allic acid 
"00 G 
11 
OH 
)H 
+ 2H 
Rastogi and coworkers for the first time studied 
the reaction of o-dihydroxy phenol with picric acid in solid 
state. The activation energy, 5 Kcal, is suggestive of 
surface migration which is a favoured mode of transport for 
symmetrical and planar molecules, which can move on the 
surface relatively easy as compared with unsymmetrical 
molecules. The unsymmetric molecules would get entangled 
on the surface. The influence of the size of the molecules 
on solid state reactivity has also been investigated. 
12 
Bittner brominated phenols in solid state with the 
interest to have the knowledge of the direction of substi-
tution and to compare the results with those obtained for 
bromination in solutions. Different phenols were exposed 
to predetermined quantities of BT2 vapour at room tempera-
ture. Br^ uptake began almost immediately and the reaction 
was completed in 20-48 hours. In most cases the substrate 
remained in solid state throughout the reaction. Phenol 
gave a sticky mass (mixture of two low melting substances) 
which resolidified at the end of the reaction. 
In all the cases, the product was the same as 
obtained by bromination in solution. Pyrocatechol and 
pyrogallol gave tetrabromocatechol and tribromopyrogallol, 
respectively. Though no topochemical effects were obsei*ved 
in the present reactions, solid state bromination of phenols 
offers technical advantages over bromination in solution. 
I"? N. B. Singh studied the temperature effect and 
particle size dependence of the kinetics of the solid state 
reaction of maleic anhydride with pyrocatechol, yielding 
tetragonally sym. (1:1) charge transfer complex. He esta-
blished that diffusion occurred through surface migration. 
14 Rastogi and others have recently studied the 
kinetics of the reaction between diphenols and 8-hydroxy 
quinoline in solid state by capillary and dilatometric 
techniques. The capillary technique showed that 8-hydroxy 
quinoline diffuses by surface migration while dilatometric 
study showed that the reaction i s propagated through cracks, 
voids and channels produced in the reaction system. Ref-
lectance spectra of solid complexes indicated charge-trans-
fer interact ion between the reactants . From X-ry diffrac-
t ion studies i t follows that the complexes formed in solid 
s ta te and in solution are ident ica l . 
-•5 .'-' 
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C H A P T E R - I I I 
Exper imen ta l 
' 1 
. 5 
E X P B R I M E K T A L 
Mate r i a l s 
Sodium molyMate (BDH, AR) , sodium tungs ta t e and 
sodium m-vanadate (Thomas and Baker Company), pyrocate-
chol (Riede l ) , pyroga l lo l and g a l l i c acid (BDH, AR) were 
used without fu r the r p u r i f i c a t i o n . 
Prepara t ion of sol id products from so lu t ions 
The mono-complexes of sodium molyhdate and sodium 
tungs ta t e with o-dihydroxyphenols were obtained according 
1 2 
to the known methods ' . However, the corresponding comp-
lex of sodium m-vanadate with o-dihydroxyphenols could not 
be prepared because of the simultaneous formation of seve-
r a l che la tes of uncer ta in compositions . 
Kinet ic study of so l id s t a t e r eac t ions 
Al l the inoi-ganic s a l t s were heated separa te ly at 
200 C for f ive hours to ensure complete drying, t he r ea f t e r 
ground in an agate mortar and sieved. The p a r t i c l e s lying 
between 150-200, 200-250, 250-300, 300-400 and above 400 
mesh s i zes were co l lec ted and stored in a des i cca to r . The 
sieve screens were heated on a hot p l a t e before use to 
remove the p o s s i b i l i t y of moisture being picked up by the 
powders. The dihydroxy phenols too were ground. The kine-
tics of the reactions were studied in detail by capillary 
technique as described by Rastogi and coworkers . A clean 
and dry approximately 10 cm long pyrex glass tube having 
0.5 cm internal uniform bore was chosen for the purpose. 
One end of the tube was sealed and weighed amount of in-
organic salt was inserted into the tube through the open 
end, and pressed gently by placing a 20 cm long glass rod 
of 0.5 cm external diameter and having plain and smooth 
edge. 
A weighed amount of o-dihydroxyphenol on a tissue 
paper and the tube containing the inorganic salt were 
placed in an incubator, maintained at the desired tempera-
ture. After about 20 minutes, dihydroxyphenol was placed 
over inorganic salt layer in the tube, pressed gently with 
the same glass rod. Since powder packing affects the reac-
tion rate, all reactions were studied under similar pack-
ings, in capillaries of similar dimensions and with the 
same amount of reactants. 
The growth of the reactions was noticed by a travel-
ling microscope having a caliberated scale in its eyepiece. 
Each kinetic run was made in quadriplicate and the averages 
of the corresponding values of different sets are reported. 
e i 9 
After placing the powdered o-dihydroxyphenols over 
the inorganic salts different colour houndaries were formed 
at the interface in the reaction tubes and the growth of 
boundaries occurred towards inorganic salt. The kinetics 
were carried out between temperature range 20**0-65*0. On 
cooling to room temperature the colour of the products 
remained unchanged. 
To ascertain the mode of transport, the capillary-
method kinetics of the reaction was also followed by keep-
ing air-gaps of different lengths between the two reactants 
in the reaction tube. Reactions in these cases always 
occurred on the side of the inorganic compound. The thick-
ness of the product layer was measured at intervals as 
before. 
X-ray studies 
One mixture of equimolar proportion and two other 
mixtures having ten times excess of either reactants were 
prepared for each reaction. All the reaction mixtures 
were heated at 60*0 for four hours in an air thermostat. 
The reaction products formed in capillary tubes were also 
collected carefully for the X-ray analysis. The prepared 
mixtures and reaction tubes products were analyzed by 
Norelco Geiger Counter X-ray diffractometer (PW 1010 Phil-
- j (•^ > 
lips) by CuKc< radiation applying 32 KV 12 mA current with 
a Ni-filter. The compounds were identified by calculating 
the d values of the diffraction lines and corresponding 
intensities of the lines and comparing them with standard 
values of the compounds. 
Spectrophotometric studies 
Spectrophotometric investigations were made, using 
ethyl alcohol as solvent. 7SU-2P and Bausch and Lomb spec-
tronic-20 were respectively used in UV and visible regions. 
Infra-red spectrophotometric measurements were made by 
Beckman I.R. 20 and Spectromom 2000 spectrophotometer in 
KBr pellets. 
Products identification 
The products formed in the capillary tubes and the 
mixtures of the reactants were analyzed as follows: 
After the reactions in the capillary had ceased, the 
tubes were broken, the products layer were carefully col-
lected, and analyzed by UV, visible and IR spectrophoto-
metry. Like wise product identifications were also made 
with the solid state reaction mixtures after removing the 
unreacted pyrocatechol and pyrogallol by eluting the mix-
ture with benzene and ether, respectively. The products 
4i 
are not soluble in either of these solvents. 
Thermal studies 
Thermal measurements were made by mixing equimolar 
amounts of the reactants thoroughly in a Dewar flask calori-
meter. Mixing was done in dry Nitrogen chamber to avoid 
humidity. The increase in temperature of the reaction 
mixture was recorded with the time. 
For DTA studies about 0.1 g of the sample was accu-
rately weighed out into a pure al\imina sample tray and 
differential thermal analysis was carried out in air at 
10®C per minute increase in temperature. Calcined alumina 
heated to 1400°0 for 6 hours was taken as the reference 
substance for the purpose. Leeds and Northrup (USA) DTA 
unit fitted with a horizontal tubular (Gallenkamp, U.K.) 
furnace was used for measurements. 
G-ravimetric studies 
Gravimetric estimations were made as described by 
Riemen and co-workers . Same amounts (in equimolar ratio) 
of the dried and powdered reactants were poured in different, 
previously dried and weighed, conical flasks containing 
glass stoppers. The flasks, after vigorous shaking to 
ensure thorough mixing, were placed un-stoppered in air 
thermostat. Different flasks were taken out at different 
time intervals, stoppered and cooled in desiccator and then 
weighed. The loss in weight of the mixture was noted. 
Detection of loss of water during the course of reaction 
The evolution of water vapours during the progress 
of the reaction was ascertained as follows: 
Dried reactants were mixed in a dried stoppered 
conical flask. The reaction flask was placed in an air-
thermostat maintained at 60°0 and fitted with a 15 cm long 
tuhe twisted at the other end projecting out of the thermo-
stat. The twisted part of the tube held anhydrous CuSO^. 
The anhydrous CuSO. turned blue in cases where water was 
evolved. 
'it) 
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C H A P T E R - IV 
Sodium molybdate—Orthodihydroxyphenol r e a c t i o n s 
I M T R O D U C T I O I ) ! 
Kolybdenxim i s one of the important t r ace elements 
involved in plant and animal metabolism. With, a view to 
have a b e t t e r understanding of the enzymatic a c t i v i t y of 
molybdenujii containing enzymes, coordinat ion chemistry of 
molybdeniim has been a matter of great concern. There i s 
a wide range of s t r u c t u r a l v a r i a b i l i t y of complexes p a r t i -
cu lar ly with respect to the number and stereochemistry of 
0X0 l igands which are bound invar iab ly to the metal in i t s 
higher oxidat ion s t a t e s in an aqueous environment. 
The aqueous chemistry of molybdates and tungs ta tes 
1 
has been reviewed by Zepert , The chemistry of the same 
in sol id s t a t e has been comprehensively reviewed by Rastogi 
2 
and coworkers . The normal molybdates have the general 
formula IVioMoO. and contain d i s c r e t e t e t r a h e d r a l ions in 
moljrbdate c -ys ta l s . The a l k a l i molybdates are regular 
t e t r a h e d r a , they a r e , however, d i s t o r t e d with other cat ions . 
In so lu t ion , the s t r uc tu r e of monomeric oxyanions are not 
yet very c l ea r . The unprotonated species (MoO.~, W0^~) are 
probably t e t r a h e d r a l ; yet addi t ion of proton to MoO?~, per-
haps changes to octahedral coordinat ion. The metal ions 
are d i s t r i b u t e d in t e t r a h e d r a l i n t e r s t i c e s (surrounded by 
.^ el 
four 0 ") and octahedral interstices (surrounded by sis 
0 ) depending upon their radii. The I.R. spectra pro-
vides information about the nature of coordination of 
metal ion with oxygen. Molybdate ions in sodium molyb-
date occupy tetrahedral interstices and shovj- an I.R, 
_1 
absorption band at 825 cm 
Com/plexes of molybdenum are dominated by the pre-
sence of 0x0 ligands when the metal is in higher oxidation 
states. The commonly held belief that molybdenum has a 
functional role at the substrate binding sites of all the 
4 5 
best characterized molybdo enzymes ' has led to consider-
able activity in the area of molybdenum coordination 
chemistry. 
In neutral and alkaline solutions, the molybdate 
ion has a tetrahedral structure • Adding ligands to molyb-
date changes the configuration around the m.etax ion from 
tetrahedral to octahedral. However, it has been postulated 
that MoO^(OH)~ already exists in solution as octahedral 
7 
hydrate . It, therefore, appears most likely that the pro-
cess whereby coordination number expansion takes nlace is 
fast relative to complex formation and is not rate deter-
mining. 
'.^ y 
The foimation of various complexes of molybdates 
with organic acids and polyhydric alcohols was investigated 
by Chalmers et al®. The molybdate occurs in different 
degrees of condenstation in these complexes. Polarimetry 
was used to investigate the nature of the complexes formed 
9 10 by molybdate with tartaric acid and other reagents ' 
Rimbach^^ noted that the pH values of molybdate solution 
were considerably affected by the presence of a wide range 
of organic acids and alcohols, and subsequently conducto-
metric and potentiometric techniques were used to study 
the molybdate complexes of both optically active and in-
A 12,13 actxve compounds 
Studies on complexation of molybdate with hydroxylic 
material has revealed that complexing agent must contain 
two hydroxyl groups preferably on adjacent carbon atoms. 
Both the hydroxyl groups may be acidic, as in dicarboxylic 
acids and the diphenols, both may be alcoholic as in manni-
tol and other polyhydric alcohols or one may be acidic and 
one may be alcoholic as in glycollic, lactic, tartaric and 
other o<-hydroxy-carboxylie acids. Chalmers presented 
evidence for the view that the molybdenum is six coordinated 
in these complexes and that hydrogen bonding plays an impor-
tant part in their structure. A reaction scheme based on 
the formation of hydrogen bonded complexes is 
'A < 
Moo^" + C20^~ + an"^ 
0 0 Ov ^ 0 
lo 
0- \ o^N) 
2-
The l i t e r a t u r e on the reac t ions of molybdenum(VI) 
and o-diphenols (o-dihydroxyphenols) in so lu t ions i s exten-
sive ' ' '^ ' ' '^ . Weinland and coworkers prepared var ious t e r -
nary molybdenum-pyrocatechol-pyridine sol id e n t i t i e s and 
found metal to pyrocatechol molar r a t i o s of 1:6 to 1:12 in 
so lu t ion and for the sol id 1:1 for molybdenum(VI) and 1:2 
for roolybden\im(V) , and also reported deep-red products for 
the reac t ion of molybdenum(V or VI) with pyrocatechol alone. 
17 The 1:1 complex was also reported e a r l i e r . McG-owan and 
1 ft 
coworkers s ta ted tha t in (1:2) molar r a t i o , red coloura-
t i o n develops which i s uns tab le and i s destroyed, by heat ing. 
The s t a b i l i t y of the (1:2) complex was found to be 
low necess i a t ing a la rge excess of the r e a g e n t ^ . This 
f inding was considered to explain the high r a t i o found by 
e a r l i e r workers . A photometric method was proposed under 
a lka l ine condi t ions with sodium-metabisulphite added to 
'1 ? 
20 
p r e v e n t a e r i a l o x i d a t i o n of t h e r e a g e n t . Pat rovoky p r o -
posed a s imul taneous d e t e r m i n a t i o n of molyMenumCVI) and 
vanadium(V). The maximum absorbance of t h e orange molyb-
denum p y r o c a t e c h o l complex i s a t 430 nm and t h a t of the 
b l u e vanadium complex a t 600 nm. 
21 
Halmekoski r e p o r t e d t h e s t a b i l i t y cons tan t of t h e 
1:2 complex as 5.32x10 ( e f f e c t i v e c o n s t a n t ) . Buchwald and 
Richardson u s i n g J o b ' s method, showed t h e e x i s t e n c e of 
23 
t h i s complex between pH 2 and 7 . Other workers r e p o r t e d 
t h a t 1:2 s p e c i e s p r e v a i l s a t pH 6, wi th the (1 :1) s p e c i e s 
forming a t pH 2. The 1:1 s p e c i e s was r e p o r t e d to have 
K., ~ 0 . 6 0 / H l i t r e s mol~ and an absorbance maxima at 
•z _ i _ i 
350 nm (molar a b s o r p t i v i t y , 4.35x10 l i t r e s mol cm" ) . 
The 1:2 s p e c i e s was r e p o r t e d to have K. p = 4.1x10 l i t r e ' ' 
-2 "^  
mol and maxim\am a t 400 nm (molar a b s o r p t i v i t y 5.5x10 
l i t r e s mol cm ) . 
24 
Shnaiderman on the basis of experiments with di-
hydroxy and trihydroxy phenols and molybdate ions established 
that hydroxy compounds which have the complex forming groups 
in the ortho positions form highly coloured solutions at 
pH 4-10. In concentrated HgSO. these ions produce highly 
pigmented solutions with most phenolic compounds. Molybdate 
ions form a 3:2 complex with gallic acid, 2:3 with pyro-
'.:i 
gallol, 1:2 with hydroquinone and 1:4 for pyrocatechol. 
In the neutral solutions the complex formation of 
2_ 
the type MoOpRp was fully proved by means of photometric 
25 
as well as by potentiometric investigations . Two series 
of the molybdenum(VI)-complexes with pyrocatechol of compo-
T T 1 ^ 1 *7 
s i t i o n s of KepioO^R and Meplo02R2 were i s o l a t e d . These 
molybdate complexes with o-diphenols are water soluble and 
are employed for the photometric determination of Ho(VI). 
The complexes with the r a t i o Mo:R = 1 : 1 were formed in the 
s l i g h t l y ac id ic so lu t ions around pH 2-3 , whereas 1:2 comp-
lexes were observed in the n e u t r a l so lu t ions at pH^-*?. 
The same was t rue for the Mo(VI) complexes with pyrogal lo l 
21 
and other o-diphenols . The evidence of anionic complexes 
was produced by the sorption on an anion exchanger and by 
the e lect roDhoresis on paper impregnated with phosphate 
buffer so lu t ions (pH 7 -8 ) , containing molybdate i ons . In 
such medium catechol migrates to the anode. Inf ra red 
spect ra of the i s o l a t e d pyridinium s a l t (PyH2)Mo02R2 demons-
27 t r a t ed that no free hydroxyl groups are present in the 
complexed pyrocatechol ; t he re fo re , pyrocatechol has to be 
combined v ia both i t s oxygen atoms. 
Kustin and coworkers reported the presence of two 
complexes in aqueous molybdate-pyrocatechol solut ion at 25°C, 
;)'J 
pH 7.3 and ionic strength 0.1M. The stability constant for 
these two complexes are K^ = IjloOgCOH)gL^'J/lMoO^^ ^^^ ^ 
31. \ ( + 5)M~'' and IL^ = (M0O2L2"]/|^o02(0H) 2!^"] [H2L] = 1.52 
'3 -1 (+0.4)xlO M . Stopped flow techniques were used to obtain 
the k i n e t i c curves for the formation of these complexes, 
c lose- to-equi l ih r ium re l axa t ion theory was used for evalua-
t i o n when consecutive reac t ions occurred. The apparent 
r a t e constants of formation and d i s soc i a t i on of each comp-
l ex , under the same condi t ions given above are as follows: 
for the 1:1 (metal : l igand) complexes K. ^^ = (2.97+0.025) 
' app — 
xl0^i"^ s e c " \ K . ^^ = 8.05+0.30 s e c " S for the 1:2 comp-
—1 app — lex, K^ = (5.4+0.1)xlO^"'' sec"'', K , = 0.36+0.10 
' 2 app ^ — ' ' -2 app — 
. I 
sec . The reduced stability of the mono relative to the 
bis complex is due chiefly to the larger dissociation rate 
constant of the former. This effect is probably due to the 
presence of two inner-sphere hydroxide ions in the 1:1 
complex, the 7T bonding of which to the molybdate centre 
labilizes the bond pyrocatechol molecule. 
The complex formation for the first step having many 
pathways due to the presence of many protonated forms of the 
reactants and products are given below: 
ti 1 
1 p 
H2L ^ ^ ^ Mo02(0H)2L 
MoO^ + 
HL" 
^-1a 
^^^ ^ MoO^(OH)l' 
H2I '1c 
FioO^(OH) + 
HL 
=^ -1c 
^1d 
MoO(OH),L 
^-1d 
Mo02(0H)2L 2 -
wiiere k. and k . a r e t h e a s s o c i a t i o n and d i s s o c i a t i o n l a — I a 
r a t e c o n s t a n t s . 
As t h e pH c h a n g e s from 7 . 0 t o 7 . 6 and p y r o c a t e c h o l 
i s p r e s e n t i n e x c e s s , t h e most p r o b a b l e r e a c t i o n scheme 
d u r i n g t h e k i n e t i c s of c o n s e c u t i v e r e a c t i o n i s : 
MoO"" + H2I 
Mo02(0H)2 l ' 
MoO^(OH) + HL 
Mo02(0K)2L^~ + H2L 
. / ^ - 1d 
^ M0O2L2" + 2H2O 
k_2 
ij (^ 
The kinetic determinations clearly showed that both (1:1) 
and (1:2) complexes are formed in mildly alkaline solution. 
This result is in contradiction to the previous stability 
constant determinations ^* ^' * ^  in which only quantita-
tive evidence of 1:2 complex was found. The relatively 
larger stability constant of the higher order complex 
suggested that the greater proportion of the 1:2 complex 
simply masked the presence of the 1:1 complex. The stabi-
lity constants of the catechol complexes indicated that the 
best conditions for the quantitative determination of 
molybdenum concentration in mildly alkaline solution are 
those which minimize interference by the 1:1 complex. 
In general the stability constant for the second 
step of complexation is usually less than that for the 
first step. As a first approximation, this effect is ex-
plained in terms of the statistical reduction in available 
sites for chelation and a decrease in electrostatic attrac-
tion. Since the charge product remains the same for both 
steps in complex formation, only the statistical factor 
should play a role here. In the case of molybdate-pyro-
catechol complexation, K2 is actually 41 times greater than 
K^ , and neither effect seemed to prevail. The difference 
in stability is, therefore, primarily due to the difference 
tit) 
in complex dissociation rate constant. The two molyMo-
pyrocatechol complexes are represented as: 
1 
I 
1 
1 
1 
1 
1 
1 
k^ .' 
0 
0 
V 
l_ 
1:1 1:2 
The larger dissociation constant of the mono relative to 
the his complex is due to the presence of the two hydroxy 
groups in the former. 
Inner-sphere hydroxide ion is known to exert a 
strongly labilizing effect on other ligands coordinated to 
30 
the central metal ion . In some cases, the effect appears 
to be due to the replacement of a neutral ligand-water, for 
example by one with a negative charge, which repels the 
other groups still attached to the metal ion in the inner 
31 
coordination shell . There should be little difference 
in this regard between dinegative pyrocatechol and two 
hydroxide ions; a more specific influence of hydroxide ion 
should be sought. This is most likely the donation of 
'd'A 
e lec t ron densi ty from coordinated hydroxide ion to cen t r a l 
molybdenum ion through l igand to metal /r-bonding . 
Pyrocatechol would not be expected to form 7T bond 
with the metal as wel l as hydroxide, since the pyrocatechol 
oxygen p - o r b i t a l s probably i n t e r a c t with those on benzene 
r ing and are "drawn" away from the meta l . Therefore, the 
s ingle pyrocatechol molecule in the mono complex i s more 
s t rongly l a b i l i z e d by the two hydroxide ions , than are 
e i t h e r of the two bound pyrocatechols in the b i s complex 
by one of the remaining hydroxide ionsr 
The two forward r a t e cons tan t s , k^  and k2, 
suggested for the l i n e s of i n v e s t i g a t i o n in to the molybdate 
complex formation of the mono complex may be regarded as an 
33 addi t ion r eac t ion . In t h i s case , expansion of coordina-
34 
t i o n would have to occur , and the two forward r a t e cons-
t a n t s (foimation of 1:1 and 1:2 complex) should be d i f f e r -
en t , as formation of b i s complex prestunably involves no 
fu r the r changes in coordinat ion number. 
The complex formation of molybdate with pyrocatechol 
de r i va t i ve s have been studied in good d e t a i l by the approach-
to -equi l ib r ium technique on a stopped-flow a p p a r a t u s ^ . 
The studied l igands were 1,2,4- and 1,2,3-tr ihydroxy ben-
dr) 
zene, 3 ,4 ,5- t r ihydroxy benzoic acid (Gal l i c a c i d ) , 5 ,4 -d i -
hydroxyphenylalanine (L-Dopa) e t c . The formation of mono 
(1:1) complex i s more rapid for protonated than for unpro-
tonated oxygen ion . From the hydrogen ion dependence of 
the r e l axa t ion time i t was determined t h a t the reac t ions 
of completely deprotonated l igands with completely deproto-
nated oxyanion, do not con t r i bu t e , wi thin experimental 
l i m i t , to the observed r a t e of complexation. 
R E S U L T S 
Brownish red and yellowish red products were formed 
on mixing sodium molybdate with pyrocatechol and pyrogallol, 
respectively in agate mortar under nitrogen. Thin product 
layers having colours as mentioned above were formed at 
the interface when powdered pyrocatechol or pyrogallol were 
placed over sodium molybdate in the glass capillary. The 
reaction did not occur with gallic acid either in capillairy 
or on mixing. 
Kinetic measurements 
The coloured boundaries formed at the interface 
moved towards sodi\im molybdate with time and the progress 
of the reaction was recorded by measuring the thickness of 
d{) 
the product layer as described in the e a r l i e r Chapter. The 
r a t e constants obtained for r e a c t a n t s of d i f fe ren t p a r t i -
c le s izes at d i f fe ren t temperatures are recorded in Tables 
1 and 2. 
The r a t e measurement was also made by keeping an 
a i r -gap between the two r e a c t a n t s . The values of the r a t e 
constants were found to decrease on increas ing length of 
the a i r -gap and are given in Tables 5 and 4 . 
Thermal measurements 
An eq.uimolar mixture of pyrocatechol and sodium 
molybdate were shaken thoroughly to mix the r eac t an t s comp-
l e t e l y and then kept undisturbed in an insu la ted box. The 
r i s e in temperature with the time i s given in Figure 1a. 
Sodium molybdate-pyrogallol r eac t ion was very slow, hence 
the r i s e in temperature with the progress of the react ion 
could not be made in t h i s case . 
DTA curves of the o-diphenols and the reac t ion mix-
t u r e s having 2% to 159^  o-diphenols mixed thoroughly with 
sodiiim molybdate, are shown in Figure 1b. In the DTA curves 
of the mixtures containing 11$!^  of pyrocatechol and Afo of 
py roga l lo l , the endothermic peaks disappeared. When the 
pyrocatechol and pyroga l lo l contents were above 11?^  and 4^, 
'J « 
Table 1 
Temperature dependence of p a r a m e t e r s of t h e equa t ion 
Y^ = k t f o r sodium moly l jda te -pyroca techo l r e a c t i o n 
wi th d i f f e r e n t p a r t i c l e s i z e . 
Particle size 
400 Mesh 
300-400 Mesh 
200-300 Mesh 
Temperature 
('^ C) 
54 
49 
44 
39 
33 
54 
50 
44 
38 
33 
26 
50 
43 
38 
33 
25 
k X 10^ 
(cm^ hr"'') 
21.40 
14.13 
12.00 
9.12 
7.19 
23.50 
18.80 
14.93 
12.30 
9.40 
6.31 
23.40 
18.62 
13.37 
12.88 
7.69 
n 
1.95 
2,00 
2.00 
1.97 
1.97 
2.05 
2.05 
2.03 
2.00 
2.04 
2.00 
2.04 
2.05 
2.08 
2.00 
2.06 
J'.) 
rll 
Table 2 
Temperature dependence of parameters of equation Y" = 
kt for sodium molybdate-pyrogallol r eac t ion with dif-
ferent p a r t i c l e s i z e s . 
Particle size 
400 Mesh 
300-400 Mesh 
250-300 Mesh 
Temperature 
65 
54 
49 
44 
35 
65 
54 
49 
45 
32 
65 
54 
49 
44 
32 
k X 10^ 
(cm^ hr'"") 
4.89 
2.88 
2.02 
1.95 
0.88 
6.06 
3.83 
2.50 
2.36 
1.29 
7.50 
4.25 
2.60 
2.30 
1.46 
n 
2.73 
2.73 
2.72 
2.58 
2.75 
2.64 
2.67 
2.71 
2.60 
2.65 
2.69 
2.71 
2.78 
2.67 
2.70 
bli 
Table 3 
Effect of the length of a i r -gap on r a t e constant for 
sodium molyhdate-pyrocatechol system 
Temperature Air-gap d k x 10 
(«C) (cm) (cm'' hr""") 
56 0.102 27.90 
0.79 13.80 
1.10 8.57 
1.32 5.86 
45 0.32 9.95 
0.476 6.99 
0.662 4.09 
0.814 3.95 
35 0.106 12.60 
0.418 5.46 
0.640 3.90 
0.850 3.47 
fid 
Table 4 
Effect of the length of a i r -gap on r a t e constant for 
soditim molybdate-pyrogallol system 
Temperature 
62 
56 
45 
Ai r -gap d 
(cm) 
0.262 
Oo450 
0.694 
0.904 
0.220 
0.430 
0.802 
1.020 
0.350 
0.426 
0.530 
0.760 
1.160 
k X 10^ 
(cm h r " ) 
7.295 
6.47 
5.14 
3.87 
3.89 
2.67 
2.07 
1.59 
1.016 
0.814 
0.700 
0.418 
0.203 
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r e s p e c t i v e l y , endothermic peaks appeared around the endo-
tiiermic peaks olDtained in DTA curves of pyrocatechol and 
py roga l lo l . Takeuchi and Cuchi-^ have studied alumina and 
8-quinol inol r eac t ion in sol id s t a t e using DTA and ohserved 
tha t the r eac t ion occurs to about 5^ only. The extent to 
which reac t ion proceeds was also determined by heat ing the 
above mixtures at 60*^ 0 for 5 hours and then e lu t ing the 
unreacted pyrocatechol and pyroga l lo l in benzene and e ther , 
r e spec t i ve ly . The above e x t r a c t s on shaking with aqueous 
sodium molybdate, gave orange colour , when o-diphenols were 
p resen t . These s tud ie s are in approximation with the r e -
s u l t s of DTA. 
X-ray s tud ies 
The powdered mixtiires of sodium molybdate with 
o-diphenols in d i f fe ren t s to ich iometr ic r a t i o s were mixed 
thoroughly in dried stoppered conical f lasks and heated at 
60°C for 5 hours. These mixtures and the c a p i l l a r y pro-
ducts were analyzed by X-ray as described e a r l i e r . The 
compound iden t i f i ed in d i f fe ren t r eac t ion mixtures and 
cap i l l a ry products l aye r s are shown in Tables 6 and 7. 
Products i d e n t i f i c a t i o n 
Bthanolic e x t r a c t s of the c a p i l l a r y products and of 
Table 6 
X-ray r e s u l t s of NagMoO^-CgH^COH)2 r e a c t i o n 
Molar r a t i o of sodiiim molybda te - Compound i d e n t i f i e d 
p y r o c a t e c h o l r e a c t i o n mix tu re 
1:1 Na2Mo04, 
10:1 Ha2MoO^ 
1:10 CgH^(0H)2 
C a p i l l a r y produc t Na2MoO^ 
Table 7 
X-ray r e s u l t s of Na2Mo0.-CgH_(0H)_ r e a c t i o n 
Molar r a t i o of sodium molybda te - _ ^ . , ^ .,. 
p y r o g a l l o l r e a c t i o n mix tu re Compound i d e n t i f i e d 
1 s 1 lIa2MoO^, 
CgH^(OH)^ 
^ O J I NagMoO^ 
1:10 
C a p i l l a r y produc t 
CgH^COH)^ 
Ifa2MoO. 
the sodium molyMate—o-diphenols mixture liad the maximum 
absorhance at 335 nm. The e thanol ic e x t r a c t s of mono comp-
lex (prepared in solut ion) a lso had the same Xmax. The 
IR spect ra of c ap i l l a ry products , the r eac t ion mixtures 
and the mono-complexes (prepared in so lu t ion of o-diphenols 
were found to match with each other (F igs . 1c and 1d). 
Figure 1cd shows the IR spec t ra of pyrocatechol , pyrogal lo l 
and sodium molyhdate. Comparison of the IR spec t ra beyond 
900 cm" was not poss ib le because of absorption by Na2MoO-. 
Some ex t ra peaks in the IR spec t ra of the r eac t ion mixtures 
were due to unreacted o-diphenols . 
D I S G U S S I O M 
The r eac t ion s tud ies here are of simple addi t ion 
type . In the f i r s t s tage of the r eac t ion a brownish red 
(for pyrocatechol) and yellowish red ( for pyrogal lol ) pro-
ducts are formed at the i n t e r f a c e s of sodium molybdate-
o-diphenols . The second stage of the reac t ion involves the 
diffusion of phenols through the above said product layers 
to react at the product-sodi\im molybdate i n t e r f a c e . The 
k i n e t i c data for these so l id s t a t e r eac t ions obtained from 
the cap i l l a ry experiments at d i f fe ren t temperatures (Figs . 
1e & 1f) are found to f i t in the following equation: 
Y^ = kt (1) 
2 0 0 0 
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where Y is the thickness of the product layer at any time 
t; k and n are constants. 
The linear plots of log Y vs. t (Pigs. 1g, 1h) 
confirm the validity of the equation (1). The activation 
parameters for sodium molybdate-pyrocatechol and sodium 
molyhdate-pyrogallol reactions calculated by the linear 
least square technique are given in Table 5. The low 
values of activation energies for these reactions suggest 
that the diffusion of o-diphenols in the system is occur-
ring via surface migration. 
For further confirmation of the surface migration 
mechanism, lateral diffusion experiments were made keeping 
the reactants apart. As the length of the air-gap between 
the reactants increased, the reaction rate decreased (Tables 
3 and 4). The linear plots (Fig. 1i) of log k against d 
(length of the air-gap) indicate that the diffusion is 
occurring via surface migration and not through vapour 
phase. 
Similar observations have also been reported for 
pyrocatechol and 8-hydroxyquino1 by Rastogi and coworkers . 
k rises with rise in temperature. It also rises with in-
crease in particle size (Tables 1 and 2). 
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Using c a p i l l a r y products and the var ious molar 
mixtures of tlie react an t s , powder X-ray d i f f r ac t i on was 
car r ied out with the hope of confirming the so l id s t a t e 
products . The d i f f r ac t i on p a t t e r n for sodium molybdate-
pyrocatechol c a p i l l a r y product had the d i f f r ac t ion l i n e s 
for sodium molybdate only (Table 8 ) . Same p a t t e r n s were 
obtained with sodium molybdate-pyrogallol cap i l l a ry pro-
duct and the mixtures having low phenols concentra t ions . 
On the cont rary , only d i f f r ac t i on l i n e s of o-diphenols 
were seen in the X-ray p a t t e r n s obtained with mixtures 
having high o-diphenol contents (d values are given in 
Tables 9» 10). X-ray p a t t e r n s of equimolar mixtures of 
sodium molybdate and o-diphenols showed the d i f f r ac t ion 
l i n e s of both the r e a c t a n t s (Tables 11 , 12). Although the 
i n t e n s i t i e s of the l i n e s do not correspond exac t ly , yet no 
new l i n e s are detected in any of the p a t t e r n s . This pro-
bably poin ts to the formation of a very t h i n product layer 
on the surface of sodium molybdate. The DTA and ex t rac t ion 
s tud ies also show tha t the reac t ion proceeds to a small 
extent on the surface of sodium molybdate p a r t i c l e s . This 
i s because the access of o-diphenols to the molybdate 
through the product layer formed around the molybdate 
p a r t i c l e s ceases as soon as the product l ayer covers the 
p a r t i c l e s completely. Thus the quant i ty of the product i s 
/ ^ • I 
Table 8 
X-ray d i f f r ac t i on of Na2MoO.-CgH^(OH)2 cap i l l a ry product 
d, in Ao 
5.20 
5.20 
2.75 
2.08 
1.85 
1.74 
l A o 
68.2 
97.6 
100.0 
8.4 
59.5 
55.5 
d, i n Ao 
1.60 
1.55 
1.44 
1.58 
l A o 
45.5 
15.2 
15.7 
12.5 
Table 9 
X-ray d i f f r ac t i on of Na2Mo0. and GrEAOE)^ mixture mixed 
in molar r a t i o 1:10 
d, in A** 
8.80 
5.41 
4.82 
5.81 
^/h 
50.0 
55.5 
71.0 
27.5 
d, i n Ao 
5.70 
5.45 
2.99 
2.91 
2.66 
2.51 
^/^o 
50.2 
100.0 
14.0 
7.5 
15.5 
8.4 
Table 10 
X-ray d i f f r ac t i on of Na2MoO. and CgH_(OH)_ mixture mixed 
in molar r a t i o 1:10 
d, in Ao 
12.62 
8.63 
6.20 
5.52 
3.65 
3.52 
3.21 
3.03 
2.84 
^/^o 
65.0 
15.4 
66.0 
49.2 
22.1 
100.0 
73.0 
32.2 
21.6 
d, i n A" 
2.57 
2.28 
I /^o 
8.7 
10.2 
by 
Table 11 
X-ray d i f f r a c t i o n of Na2MoO. and CgH,(0H)2 mixture mixed 
i n 1:1 molar r a t i o 
d, i n A° 
8.74+ 
5.16* 
4.38+ 
3.42+ 
3.20* 
2.73* 
2.33+ 
2.08* 
1.85* 
l A o 
31.5 
49.0 
16.8 
17.5 
100.0 
100.0 
6.3 
6.3 
37.0 
d, i n A® 
1.75* 
1.60* 
1.53* 
1.44* 
1.38* 
+ For 
* For 
CgH^COH) 
Na2MoO. 
l A o 
27.8 
39.0 
9.1 
11.9 
9.1 
2 
Table 12 
X-ray d i f f r a c t i o n of Na2MoO. and CgH,(OH), mix tu re mixed 
i n molar r a t i o 1:1 
d, i n A«» 
12.50+ 
6.18+ 
5.52+ 
5.18* 
3.53+ 
3.22+ 
3.20* 
3.02+ 
2.85+ 
2 .73* 
' 0 
45.0 
47.1 
31.5 
55 .0 
54.5 
39 .2 
100.0 
19.4 
11.5 
95 .6 
d , i n A® 
1.84* 
1.74* 
1.61* 
1.52* 
1.38* 
+ For CgH^COH) 
* For Na2MoO^ 
^Ao 
42.0 
31 .2 
43 .0 
12.5 
13.0 
3 
too small to t>e detected by X-ray diffraction. 
22 
Buchwald and Ricliardson liave reported the forma-
tion of mono complexes at pH 2 and of biscomplexes at pH 
/-—'7. UT and visible spectra of ethanolic extracts of the 
reaction mixture and capillary products indicate the forma-
tion of monocomplexes only. The thermal measurements show 
only one peak (Fig. 1a) which is suggestive of the one step 
reaction or in other words the formation of monocomplex 
only. Formation of biscomplexes is always associated with 
elimination of one mole of water per mole of the complex 
formed. But the evolution of water could not be detected 
in these reactions in the temperature range 25-60°C. Weight 
loss studies made at 60°G too do not give any evidence of 
water elimination. 
IR spectra of the capillary products and of the 
sodium molybdate-o-diphenol mixtures show that the product 
is always a (1:1) complex, because the IR spectra of the 
solid state products matched well with IR spectra of the 
monocomplexes prepared from solutions (Figs. 1c and 1d). 
The foregoing discussion undoubtedly proves that addition 
reaction occurs between sodium molybdate and o-diphenols to 
give monocomplexes probably via hydrogen bonded intermediate 
complex (I). 
NaO 0 H-0. 
\ / 
Mo + 
/ % NaO 0 H- - ^ . 
NaO , 0 . . . H - - 0 ^y:^\ 
-> /Mo 
/ \ NaO ^ O . . . H ~ 0 
H 
NaO 0 ,0. 
Mo 
/ l \ NaO 0 0 
H 
I I 
NaO 0 H-0 
\ / 
Mo + 
NaO^ 0 H-0" 
H 
0 
H 
0 
NaO p . . «H—0^ 
\ / ^ 
^ Mo 
NaO 0««»H~0 
/ > 
H 
0 
H 
NaO 0 ,0, 
\ 1 / 
Mo 
/I \ NaO 0 0 
H 
I I 
i t) 
On heating the solid mixtures of sodium molybdate-
o-diphenols at 80°C water was evolved. The possibility of 
his complex formation resulting into water elimination is, 
however, completely ruled out because the ethanolic ex-
tracts of the mixture did not give the X max of the expected 
bis complex ^. On keeping the mixture for a long time at 
the said temperature, the colour of the reaction mixture 
changed from reddish brown to black. The black product 
does not dissolve either in ethanol or acetone. The change 
in colour is probably due to the polymerization of phenols 
or monocomplexes and/or further reaction of monocomplex 
with unreacted phenols. No structural determination could, 
however, be made in this regard. 
In aqueous solutions, the reactivity of pyrogallol 
towards chelation with molybdate is more than that of pyro-
28 
catechol . For solid-solid reaction, as is evident from 
the Tables 1 and 2, the rates of diffusion for pyrogallol 
is higher than that for pyrocatechol. This difference in 
diffusivity is probably due to the difference brought out 
by the intramolecular hydrogen bonding in solid phenols as 
shown below: 
(4 
,0—H 
0—H 
0—H 
0-—H 
^0—H 
Deprotonation is more difficult in pyrocatechol than 
pyrogallol, as in the former there is only one intramolecu-
lar hydrogen "bond while the latter has two. Thus the o-H 
"bond in ortho position of pyrogallol is more strained and 
loosened than in pyrocatechol. In other words, pyrogallol 
will be more polar than pyrocatechol. Therefore, the hyd-
rogen of phenolic group of pyrogallol gets easily attached 
to oxygen of molybdate. The higher diffusion rate for the 
solid-solid reaction with pyrogallol is probably also due 
to availability of two reaction sites in pyrogallol whereas 
pyrocatechol has only one site. On the contrary, the extent 
of solid-solid reaction for pyrocatechol is more than that 
of pyrogallol. As the reaction in the capillary tube pro-
ceeds only on the molybdate side, the o-diphenol molecules 
« J 
seem to surrotmd the sodium molybdate particles and then 
react. To surroimd a particular particle of molybdate, 
lesser niamber of pyrogallol molecules will be required. 
Further because of smaller size, the pyrocatechol molecule 
will have greater probability of deeper access through the 
product film and this accounts for higher extent of reaction 
for pyrocatechol as compared to that for pyrogallol. 
Though the reactivity of gallic acid towards molyb-
date in aqueous solution is approximately equal to that of 
28 
pyrogallol and six times larger than that of pyrocatechol , 
yet, the reaction of gallic acid with molybdate in solid 
state did not occur. It is probably due to intermolecular 
hydrogen bonding between the phenolic group of one gallic 
acid molecule and the carboxyl group of the other gallic 
acid molecule as shown below: 
0=C 
K 
1 
1 
0 
S~ ( J 
0^' 
^J\ 
V 
ib 
Thus there will be a network of gallic acid molecules bonded 
themselves via hydrogen bonding. This intermolecular hyd-
rogen bonding renders the formation of the complex I by 
gallic acid improbable. The melting points of pyrocatechol, 
pyrogallol and gallic acid are 105*'G, 133**C and 2530C, res-
pectively. The higher melting point of gallic acid is due 
to the strong intermolecular hydrogen bonding. 
i i 
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C H A P T E R - Y 
Soditun tungstate—Orthodihydroxyphenol r eac t ions 
o r Mi 
I N T R O D U C T I O N 
There i s not much evidence of phys io logica l a c t i v i t y 
of t ungs ta t e s o ther than tha t they i n h i b i t u t i l i z a t i o n of 
molybdeniim in the formation of xanthine oxidase in r a t s . 
Although molyhdeniim deficiency was not induced in chickens 
fed a molybdenum def ic ien t d i e t , molybdenum deficiency was 
induced by adding tungs t a t e to the d i e t . 
The a l k a l i metal t ungs ta t e s are isomorphous with the 
molybdates. Like the molybdates, tungs ta te ions also have 
a t e t r a h e d r a l geometry in aqueous as well as in sol id s t a t e . 
Sodium tungs ta te shows an absorption band at 835 cm" where-
_1 
as for molybdate it lies at 825 cm 
Tungsten and molybdenum, though usually similar, 
sometime show differences which are not easy to explain. 
Both ¥ and Mo have a very complex stereochemistry. They 
exist in several oxidation states, and their chemistry is 
most complex of all the transitional elements. Mo(VI) and 
¥(VI) give a variety of complexes, whose structures are not 
yet properly known. Compounds such as sugars, tartaric 
acid, oxalic acid are the examples which form complexes. 
The reaction in solution between tungstate and o-di-
phenols and their derivatives have been a subject of niime-
Q 
')L 
2 3 
rous i nves t i ga t i ons ' . A (1:2) metal l igand complex which 
i s red in colour, i s repor tedly formed . Spectrophotometric 
5 
s tud ies of pyrocatechol complexes of tungs ta t e have shown 
tha t complexation proceeds stepwise to form complexes con-
t a in ing 1, 2 and 3 moles of pyrocatechol per W atom. At pH 
3.5 with a small excess of pyrocatechol , a (1:1) complex i s 
foiTned with a maximum ahsorbance at 320 nm. With a 20-fold 
excess of pyrocatechol , a (2:1) complex with a maximum 
ahsorbance at 330 nm i s formed at pH 5.9. At s t i l l higher 
pH, a (3:1) complex i s formed with somewhat lower ahsorbance 
at 340 nm. Equilihrilim constants for the formation of the 
three complexes are also repor ted . These can co l l ec t ive ly 
he represented a s : 
2 _(2+2n)-
WO^  + nHgL = |VO^LnJ + 2nH^ 
where HpL i s pyrocatechol . 
The complexes of W(VI) with pyrocatechol , pyrogal lo l 
and other o-diphenols in acid so lu t ions were studied by 
spectrophotometry and pH-metry , Equilibrium constants for 
2- -
the formation of VOo^p » '^''^ ^2'^ 2 ^^^ HWO^ L complexes were 
2_ determined at 25°C. Use of the WOp^ o complexes at pH 6-7 
(phosphate buffer) was recommended for the photometric 
determinat ion of ¥ . These complexes, formed in aqueous 
so lu t i ons , have found use in q u a n t i t a t i v e ana lys i s " . 
A ,• 
Spectrophotometric measurements usua l ly yie ld only s t a b i l i t y 
cons tants for formation of the 1;2 tungs t a t e l igand comp-
The complexation of t \ ingstate with pyrocatechol and 
i t s d e r i v a t i v e s (3»4-dihydroxy"benzoic ac id , L-dopa, pyro-
g a l l o l and g a l l i c acid) was studied from the mechanism view 
12 point by Kenneth, Kustin and Sung-Tsuen Liu by the 
stopped-flow technique . With the exception of the tungs-
t a t e - g a l l i c acid complex, the s t a b i l i t y determinat ions 
showed q u a n t i t a t i v e evidence for 1:2 complexes only. This 
r e s u l t i s due to the r e l a t i v e l y higher s t a b i l i t y of the 
1:2 complex, r e s u l t i n g in propor t iona te ly l a rge r concentra-
t i o n of t h i s species i n so lu t ion , \fhich can e a s i l y mask the 
presence of a 1:1 complex. 
However, the o p t i c a l spec t ra and k i n e t i c s c lea r ly 
i nd i ca t e that both mono and b i s complexes of tungs ta t e are 
formed i n so lu t ion . The c lose- to -equi l ib r ium re laxa t ion 
t imes for t h i s system involve two s e t s of apparent ove ra l l 
r a t e cons tan t s : k. « and k_^ for the 1:1 and kp^ and k_2r 
for the 1:2 complex. The complete r eac t ion scheme (Scheme 
I) i s : 
Or) 
¥0 2-
k 
H^L ^ 1 a >^  
•-1a 
¥02(0H)2li' 
HL" 
-^1"b 
H^L 1^c 2- ^ k 
¥0,(0H) + 
M; 
HL" 
-1c 
1^d s 
:^ ¥0(0H)^1 
-^1d 
¥02(0H)2L 2-
As the pH changes from 7.3 to 7.6 and pyrocatechol 
is present in excess, Scheme II is most appropriate for the 
consecutive complexation reactions. 
¥ 0 ^ " + H2L 
- 1 a 
1a 
^1d 
^¥02(0H)2L 2 -
¥0^(011)" + HL" • I d 
k. 
¥02(0H)2L^" + H2L ^ ^ ^ ¥02L2~ + 2H2O 
k-2 
I t has also heen observed tha t the forward r a t e cons-
t a n t s of the f i r s t step of complexation are changed by subs-
titution on the bensene ring of pyrocatechol. The order 
of reactivity is pyrogallol > gallic acid > L-dopa,3,4-di-
hydroxybeiizoic acid > pyrocatechol. Both pyrogallol and 
gallic acid, which have three neighbouring hydroxy groups 
on the benzene ring, have almost the same forward rate 
constants, and these are about 6 times larger than that 
with pyrocatechol. The nature of the substituted group 
plays an important role in the mechanism of the reaction. 
1 "5 
As in molybdate-pyrocatechol system , the larger dissocia-
tion rate constant of the mono relative to the bis complex 
is due to the presence of the two hydroxo groups in the 
former and not in the latter compound. The hydroxo groups 
preaent in the inner coordination shell of the mono complex 
may donate electrons to the orbitals of the central tungs-
ten(VI) ion by pA - dTV bonding from ligand donor to metal 
14 
accepter . Pyrocatechol would not be expected to form 
bonds with the metal ion as well as the 0H~ group. There-
fore, the single pyrocatechol molecule in the mono complex 
is more effectively labilized by the two hydroxyl ions than 
are either of the two pyrocatechols in the bis complex. 
R E S U L T S 
By mixing sodium tungs ta te with pyrocatechol or 
pyroga l lo l in agate mortar under n i t rogen , yellow and 
yellowish cream colour products were respec t ive ly obtained 
at room temperature. On placing the powdered pyrocatechol 
or pyrogal lo l over sodium tungs ta te in the g lass cap i l l a ry , 
the said colour boundaries were formed at the i n t e r f a c e . 
However g a l l i c acid did not react with sodium tungs t a t e . 
Kinet ic measurements; 
The coloured boundaries formed at the in t e r f ace 
grew towards sodium t u n g s t a t e , and the progress of the 
reac t ion was followed by measuring the th ickness of the 
product l ayer with time as described in Chapter I I I . The 
growth of the product l ayer could not be measured in case 
of pyroga l lo l due to low p rec i s ion . The r a t e constants 
for d i f fe ren t p a r t i c l e s izes at d i f f e ren t temperatures are 
recorded in Table 1 . 
The k i n e t i c s was also performed by keeping an a i r -
gap between the two r e a c t a n t s . The r a t e constants were 
found to decrease by increas ing the a i r -gap between the 
r e a c t a n t s and the values of the r a t e constants are given 
in Table 2. 
u 
Table 1 
blflect of temperature and p a r t i c l e s i zes on r a t e constants 
for Bodium tungs ta te -pyroca techol reac t ion 
Particle size 
400 nesh 
500-400 mesh 
200-300 mesh 
Temperature 
50 
45 
40 
33 
28 
50 
45 
40 
35 
30 
57 
48 
43 
35 
24 
k X 10^ 
\cm hr ) 
6.015 
4.159 
2.855 
1.759 
1.259 
7.499 
6.015 
4.875 
3.740 
2.786 
28.77 
17.78 
15.40 
8.472 
5.309 
n 
2.44 
2.45 
2.48 
2.52 
2.50 
2.50 
2.44 
2.40 
2.33 
2.37 
2.31 
2.33 
2.25 
2.31 
2.29 
•Table 2 
a f f e c t of t h e l e n g t h of a i r - g a p on r a t e cons tan t fo r 
sodiim t u n g s t a t e - p y r o c a t e c h o l system 
m 'Temperature Air -gap d k x 10 
•^ C (cm) (cm h.r~ ) 
56 0.153 14.45 
0.277 10.38 
0.401 7.72 
0.859 3.155 
45 0.120 13.30 
0.341 4.50 
0.419 3.63 
1.220 1.13 
35 0.130 6.934 
0.195 4.340 
0.476 2.000 
1.148 0.586 
Thermal measurements; 
An equimolar amount of pyrocatecliol and sodium 
tungs ta te were taken in a Dewar f l a sk . The mixture was 
f i r s t shaken thoroughly for complete mixing and then 
allowed to stand undisturhed in an insula ted box. The 
r i s e in temperature with time i s shown in Figure 2a. 
These measurements could not be made with pyrogal lo l 
because the temperature r i s e was very slow. 
DTA curves of the well mixed mixtures having ]'fo to 
I0/'o o-diphenols are shown in the Figure 2b. In the mixtures 
containing Qfo of pyrocatechol and 2^ of py roga l lo l , the 
endothermic peaks disappeared. When the pyrocatechol and 
pyroga l lo l contents were above 8fo and 2'fo, r e spec t ive ly , 
endothermic peaks appeared around the endothermic peaks 
obtained in blank DTA runs with pyrocatechol and pyroga l lo l . 
The extent to which the reac t ion proceeds, was also de te r -
mined by e lu t ing and t e s t i n g the unreacted o-diohenols as 
de t a i l ed in the previous Chapter. The study was in agree-
ment with the r e s u l t s of DTA. 
X-ray s tud ie s ; 
The powdered mixtures of sodium tungs ta te and o -d i -
phenols in d i f fe ren t molar r a t i o s were mixed thoroughly and 
heated at 60°C. These mixtures and the cap i l l a ry products 
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were analyzed by X-ray as described e a r l i e r . The compounds 
i d e n t i f i e d are given i n Tables 3 and 4 . 
Products i d e n t i f i c a t i o n 
Ethanolic e x t r a c t s of tlie product formed in c a p i l -
l a ry and of the mixture ( a f t e r e lu t ing o-diphenols comp-
l e t e l y ) had the maximim absorbance at 320 nm. The ethanol ic 
e x t r a c t s of the mono complexes also had the same Amax . 
The IR spect ra of c ap i l l a ry product , the mixtures and the 
mono complexes (prepared in solut ion) of sodium t u n g s t a t e -
o-diphenols were found to match with each other (F igs . 2c & 
2d) . Figure 2 cd shows the IR spec t ra of pyrocatechol , 
pyroga l lo l and sodiixm t u n g s t a t e . Comparison of the IR 
spec t ra beyond 900 cm was not poss ib le due to absorption 
by NagWO.. 
D I S C U S S I O N 
The f i r s t s tage of the r eac t ion involves the forma-
t i o n of the yellow products at sodium tungstate—o-diphenols 
in t e r f ace around the sodium tungs t a t e p a r t i c l e s . Later on 
o-diphenols diffuse through the product l aye r to react 
fu r the r at the product and sodiiim txingstate i n t e r f a c e . 
The k i n e t i c da ta for the s o l i d - s t a t e reac t ion obtained from 
experiments at d i f f e ren t temperatures , shown in Figure 2e 
were found to f i t in the following equation: 
Y^ = kt 
IrJ 
Table 5 
:L-ray results of I\a2^ '^ '0.-Cgll. (OH) 2 reaction 
l.olar ratio of KagWO.-C-H-(Oil) 2 Compounds identified 
1 :1 irag^O^ , 
GgH^( 0:1)2 
10:1 KagV/O^ 
1:10 C6H4(0r:)2 
C a p i l l a r y j roduc t r.a2V'0. 
Table 4 
X-ray r e s u l t s of i\a2\-'0.-Cga.^(0K)-^ r e a c t i o n 
)lHr r a t i o of I a2W0.-GgK^j(0]i) ^ Compounds i d e n t i f i e d 
1:1 1 agTvO ,^ 
CgH^(OH)^ 
10:1 i:a2::o^ 
1:10 C^K.,(0:i).^ 
6 5 ^ ^ 
Ca"d l l a ry produc t ^'a^VO. 
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where Y i s the th ickness of the product layer at any time 
t , k and n are cons tan ts . The l i n e a r p l o t s of log k vs 
1/T confirms the Arrheneous dependence of k.(Figure 2 f ) . 
The ac t iva t ion energy and a c t i v a t i o n entropy calculated by 
l i n e a r l e a s t sphere technique are 9.57 Kcal/mol and -51.9 
cal/mol deg. The low values of a c t i va t i on energy and nega-
t i v e values of a c t i v a t i o n entropy suggest tha t the diffu-
sion of the pyrocatechol in the system i s occurring v ia 
surface migrat ion. The t a b l e 1 shows tha t the r a t e of 
d i f fus ion increases with increase in temperature as well 
as increase in p a r t i c l e s i z e . 
For fu r the r confirmation of the mode of t r an spo r t , 
r a t e measurements were made as described before with a i r -
gaps between the two r e a c t a n t s . The r a t e f a l l s with i n -
crease in the length of the a i r -gap (Table 2 ) . The l i nea r 
p l o t s of log k against d (Figure 2g) i nd i ca t e t h a t the 
dif fusion i s occurr ing v i a surface migrat ion. 
The X-ray d i f f r ac t i on p a t t e r n for the cap i l l a ry 
product (Table 5) had the d i f f r ac t ion l i n e s for sodium 
tungs ta t e only and the same was the case with mixtures 
having low o-diphenols concentra t ion. On the contrary , 
only l i n e s of o-diphenols were seen in the X-ray pa t t e rn s 
obtained with high o-diphenols concentra t ion. X-ray 
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Table 5 
X-ray d i f f r a c t i o n of Eag'.'.'O^-CgH^lOH) 2 c a p i l l a r y 
o r o d u c t s . 
d , i n A'' 
5 . 26 
-5.20, 
2 . 7 6 
2 . 0 9 
1 . 8 6 
^ / ^ o 
6 2 . 2 
9 1 . 0 
1 0 0 . 0 
4 5 . 0 
5 9 . 0 
d , irx A" 
1.74 
1.62 
U 5 3 
1.41 
lAo 
2 7 . 0 
2 0 . 3 
1 6 . 0 
1 2 . 5 
Table 6 
IL-Tcxy d i i f r a c t i o n ox equi iaolar mix tu re of hB.2^!iO^ 
d, ir: A'' I / I ^ d, i n A'^  I / I ^ 
5.21+ 52.3 1.85+ 23.6 
4 .79* 16.0 1.75+ 23.8 
4.42* 56.0 1.60+ 50.9 
5.70* 16.0 1.43 11.9 
3 .45* 
3.2C>^ -
2.73+ 
2 . 6 1 * 
2.08+ 
.  
5 9 . 0 
8 3 . 3 
1 0 0 . 0 
9 . 0 
7 . 2 
 
+ f o r NEpUO. 
* f o r CgH^CO: 
«' «) 
patterns of equimolar mixtures of tungstate and o-diphenols 
showed the diffraction lines of both the reactants (Tables 
6 & 7). However, the intensities of lines do not corres-
pond exactly, but no new line was detected in any of the 
patterns. This is probably due to the fact that the reac-
tion proceeds to a small extent to be detected by this 
technique. The DTA and extraction studies are also in 
confirmation with this fact. 
12 
In solutions, Kustin and coworkers havereported 
the formation of mono and bis complexes at different pH's. 
The thermal measurements gave only one peak (Fig. 2a) which 
suggested one step reaction. UV-visible spectra of the 
products formed in various molar mixtures and the capillary 
tube, showed the presence of mono complexes only. 
Water was not evolved in this case in the tempera-
ture range 25-60°C. This suggests that addition reaction 
occurs between sodi\im tungstate and o-diphenols to give 
mono complexes probably via hydrogen bonded intermediate 
complex I. 
)J<A 
Table 7 
X-ray d i f f r a c t i o n of equimolar mix tu re of Na2V/0^ 
and GgH^(OH).^ 
d, i n A° 
6.20* 
5.52* 
5.24+ 
3.52* 
5.22+ 
3.05 
2.74+ 
^ / ^o 
38 .0 
31 .0 
56.0 
45 .5 
84 .0 
11.0 
100.0 
d, i n A«> 
1.85+ 
1.74+ 
1.61 + 
1.53+ 
1.41 + 
+ f o r 
* f o r 
Ea2¥0^ 
CgH, ;(0H)^ 
^ /^o 
44.0 
30 .0 
25.0 
18.0 
14.5 
NaO 0 
NaO 0 H-O-
H - O ^ X N NaO 0 - • H — 0 
\ / 
NaO^ ^ ^ 0 - - - H — 0 ^ 
H 
NaO 0 0^ /^ 
NaO- i^O-'^^^^::/ 
H 
II 
H 
0 
NaO 0 H-0 
NaO^ ^ 0 H-0 
H 
0 
NaO 0---H — 0 
NaO^ 0- - -H—0 
H 
0 
NaO^  0 0 ^ J-
NaO- 0 ^ 0 ^ ^ ^ ' 
H 
II 
water was, however, evolved on heating eodt«„ 
tnn«state-o-aiphenol „ i , t u r e s at 85-0 which could wron.1. 
I) 
be taken as an indication for "bis complex formation. Spec-
trophotometric studies, however, showed that bis complexes 
are not formed. The reaction mixtures as well as the capil-
lary products showed a change in colour from yellow to 
yellowish green and then to greenish black on keeping for 
a long time at the above temperature. These products do 
not dissolve in acetone or ethanol. This successive colour 
change may possibly be because of the further reaction of 
the mono complexes with unreacted o-diphenols or itself 
giving the products of uncertain composition. 
DTA as well as extraction studies showed that the 
extent of reaction for sodium tungstate-pyrocatechol is 
more than that with sodium tungstate-pyrogallol. This 
higher percentage of reaction with pyrocatechol and the 
inactivity of gallic acid are due to reasons given earlier. 
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C H A P T E R - VI 
Sodium m-vanadate—Orthodihydroxyphenol r e a c t i o n s 
I N T R O D U C T I O N 
I n t e r e s t in the chemistry of vanadium has been 
1 
st imulated "by i t s ro l e in h io log ica l systems . I t i s 
2 
an e s s e n t i a l n u t r i e n t for higher animals as wel l . 
3 Cantley et a l . have es tab l i shed i t s presence in mammalian 
muscle t i s s u e at l eve l s suf f ic ien t to i n h i b i t the sodium 
and potassium st imulated adenosine- t r iphosphatase L(Na, K)-
ATPasej. This spec i f i c i n h i b i t i o n can be removed by addi-
4 5 
t i o n of catecholamines and catechol , through complexation 5 6 
and oxida t ion- reduct ion reac t ions with vanadium(V) ' . As 
the coordinat ion chemistry of vanadium(V) i s usual ly asso-
cia ted with ox ida t ion- reduc t ion , there fore i t i s appro-
p r i a t e to review the s t r u c t u r a l aspects of vanadium(V) and 
(IV) oxidat ion s t a t e s over a wide pH range. 
Aqueous vanadate on a c i d i f i c a t i o n undergoes a se r i es 
of hydrolys is followed by polymerizat ion. The outstanding 
s t r u c t u r a l f ea tu res of vanadium(V) throughout the en t i r e pH 
range i s the presence of c is -d ioxol igands in the inner 
7 
coordinat ion s h e l l . This group p e r s i s t s in complexed and 
uncomplexed forms except for the higher polymeric forms. 
Aqueous vanadium(V) has been extensively studied and r e -
o 
viewed . In strong acid, at low concentrations, the pre-
i . J 
dominant species is dioxovanadium(V), a cis-dioxytetraaquo 
octahedrally coordinated species. Hydrolysis and poly-
merization occur as the pH is raised, with polymer forms 
predominating through most of the pH ranges, until in 
3-
strong base monomeric tetrahedral VO. "becomes predominant. 
9 It was reported hy Patrovsky that highly soluble 
intense "blue chelates formed on the interaction of vana-
10 dium(iV) and o-diphenols. He further suggested that the 
reaction is suitable for photometric determination between 
pH 4.6 and 7.0. A method for the determination of vana-
dium(lV) in presence of molybdenum(71) involving measure-
ment of the absorbance of the blue vanadium complex at 
600 nm obtained by the interaction of o-diphenols was deve-
11 12 
loped . Shnaiderman et al studied the photometric 
sensitivity of the reaction of vanadium(V) and pyrocatechol. 
1 3 
Halmekoski determined the s t a b i l i t y constants of several 
che la tes produced. 
Vanadium(7) forms s tab le complexes with oxa la te , 
14 
t a r t a r a t e , EDTA, and a few other l igands . Crystal s t r u c -
tu r e determination of the oxalate and EDTA complexes 
revea l oc tahedra l coordination with c is-dioxy u n i t . The 
r a r i t y of vanadium(V) complexes i s due to i t s strong oxi -
diz ing power; l igands are often oxidized by the metal 
J •• t. 
centre during coordination. 
The interaction, in acid media, "between positively 
+ 
charged dioxovanadium, VOp and various substrates has been 
17-20 
the subject of a number of s tudies . Kustin nnd co-
20 workers s tudied, in acid media, the k i n e t i c s of complex 
formation of pyrocatechol and i t s de r i va t i ve s with dioxo-
vanadium(V) . Studies on vanadi\im(V) complexes with dif-
ferent complexing ligand species r evea l s d e t a i l s of the 
ligand s u b s t i t u t i o n mechanism on VOp. The complete r eac -
t i o n scheme for complex formation between vanadium(V) and 
pyrocacechol, Ph(OH)p i s shown below: 
K 
^ _ _ ^ VOp(( 
K 
VO2 + Ph(0H)2 "1 
VOp + OPh(OH) 
K-1 
02 0H)2Ph'^ 
P h ( 0 ) 
Ph(OH) 
K-2 
K 
VO^(OH)Ph 
K_3 
K 
'^—^ VO.Ph 
.2+ \ 
K 
^ i VO(OH)^Ph^^ 
•4 
K. 
OVOIi + OPh(OH) 
P h ( 0 ) 
K_5 
K_6 
± V02(0H)2^h" 
VO^(OH)Ph 
1 
The i n v e s t i g a t i o n has proved tha t the re i s a q u a l i -
t a t i v e agreement with the d i r ec t observation of the i n t e r -
mediate. 
In the reac t ion of vanadium(lV) with t a r t a r i c acid 
at low pH, the r a t e of formation of (1:1) complex was found 
21 to he l e s s than the expected value for normal subs t i t u t ion 
This shi f t in the r a t e determining step was explained in 
ter-ms of the proton t r a n s f e r from an a lcohol ic (OH) group 
in t a r t a r i c acid , . In pyrocatechol the proton i s 
t r a r s f e r r e d from ac id ic (phenolic) groups (pKA^ = 9.25, 
22 pKAp = 12.37) . Therefore, the r a t e determining step i s 
e i t h e r water loss or proton t r a n s f e r . For the formation, 
the r a t e constants are in the order 1 ,2 ,4 -benzene t r io l> 
pyroga l lo l > pyroca,techol > dopa. The d i s soc i a t i on r a t e 
constant order i s dopa > pyroca techol> 1 ,2 ,4-benzenet r io l , 
oyrogal.lol. The ra te constant of formation (K^) of comp-
lexes of vanadi\im(V) with pyrocatechol and i t s de r iva t ives 
are also observed to depend on pyrocatechol r ing subs t i t u -
t i o n . The observed order of K^  values i s pyrogal lo l > 
pyrocatechol > dopa for vanadium(V). 
The oxidat ion of a va r i e ty of organic l igands by 
vanadium(V) in ac id ic media has been the object of several 
23 24 
s t u d i e s . ?or example, L i t t l e r and Waters * have studied 
J ) 
the stoichiometry and k i n e t i c s of p inaco l , cyclopentanone 
and cyclohexanone by vanadi\iiii(?) . In a l l cases i nd i r ec t 
evidence for a free r a d i c a l was observed and the reduction 
of V(V) to VClV) by e lec t ron t r a n s f e r was pos tu la ted . In 
the oxidat ion of ascorbic acid by vanadium(¥) a free r a d i -
1 ft 
ca l was also detected and a mechanism was suggested con-
s i s t i n g the rapid formation of a complex followed by i t s 
r a t e l i m i t t i n g decomposition. The e lec t ron t r a n s f e r ra te 
constant was found to be pH independent i nd ica t ing that 
only a s ingle intermediate complex i s important . Few 
s tudies of reductants bearing a close s t r u c t u r a l resemb-
lance to pyrocatechol have been repor ted , for which free 
radical , mechanism have been invoked although no d i r ec t 
evidence of r a d i c a l intermediate formation was provided ' 
On mixing so lu t ions of vanadium(V) and pyrocatechol 
(or i t s de r iva t ives ) in aqueous ac id , an intermediate 
co loura t ion , the formation of vrhich produced a k ine t i c s 
curve with h a l f - l i v e s varying from 5 to 15 m sec. depending 
on condi t ions of concentra t ions appears, which subsequently 
d isappears . Kustin et a l have reported the r a t e and 
mechanism of the disappearance of the in te rmedia te , vrhich 
they have shown to be vanadium(V)-pyrocatechol complex , 
by a redox reac t ion with vanadi\im(V) in which the pyrocate-
i '-i'-i 
chol oxidized. 
EPR has been used to show tha t vanadi\im(IV) complex 
formation r e s u l t s from the i n t e r a c t i o n of vanadiujn(V) with 
27 
2,3-dihydroxybenzoic acid in base . The eight l i ne spec-
trum due to unpaired d e lec t ron of V(IV) i s s p l i t fur ther , 
i n d i c a t i n g the presence of a complex. The EPR behaviour 
has been noted with excess norepinephrine r eac t ing with 
28 vanadate in mildly a lka l ine so lu t ion and with pyrocate-
5 27 
chol in s imi l a r media , For 2,5-dihydroxybenzoic acid 
and norepinephrine , under condi t ions of high vanadate con-
cen t ra t ion , develop blue coloura t ion which i s c h a r a c t e r i s t i c 
of the V(IV) chromophore. 
Unlike vanadium(V), vanadyl complexes are numerous , 
although they are not a i r s t a b l e . Most of the organic l i -
gands t h a t have been studied are of oxygen donor type , 
with 1,2-aromatic d i o l s (o-diphenols) being very s t a b l e . 
In addi t ion to mono and di-complexes, hydrolyzed and hyd-
29 
roxy-bridged dimeric complexes have also been reported . 
Studies on the i n t e r a c t i o n between vanadate anion 
and a number of aromatic d i o l l igands in bas ic media yield 
a great dea l of q u a l i t a t i v e information. The q u a l i t a t i v e 
nature of the r e s u l t s i s pr imar i ly due to the necess i ty of 
i'-'< 
maintaining a low vanadate concentration to avoid inter-
ference by polymeric species formed at higher vanadate 
concentration. The kinetics of the interaction "between 
vanadate oxoanion and 1,2-aromatic diols in basic media 
(pH 8-9, ionic strength 0.5M (NH^Cl) , 25«>) studied by 
30 
stopped-flow technique revealed the formation of three 
distinct transients species after mixing. This final yel3ow 
colour has been assigned to the oxidized diol (max 330 nm 
for 3,4-dihydroxybenzoic acid). It has been reported that 
a blue solution is produced at higher vanadate concentra-
tions. The blue colour (max 680 nm) can be maintained in-
definitely when the solution is stored under argon; exposure 
to air slowly dissipates the colour. The blue colour is 
assigned to the vanadi-um(IY) chromophore of the complex 
produced by diol oxidation. The slow loss of the blue 
colouration is attributed to reoxidation of •V(IV) to VCV) 
by atmospheric oxygen. Upon standing, blue solution turns 
brown. Although the exact nature of this reaction is un-
known, it is believed to be due to further reaction and 
31 polymerization of the oxidized substrate . 
In order of increasing reaction life time, the tran-
sients are assigned to complex formation, reduction of V(II) 
to V(IV), and further reactions with intermediate oxidation 
u 
product of the l igand. The r a t e of complex formation i n -
creases with increas ing pH and the r a t e of oxidat ion-reduc-
t i on reac t ion inc reases with decreasing pH. This effect 
has been in t e rp re t ed "being due to higher r a t e of react ion 
of protonated oxoanions, e .g . EOyioO, r e a c t s more r ead i ly 
than ¥LOO". with respect to complex formation. The p a r t i c i -
pa t ion of protonated ligand forms i n the major reac t ion 
pathways f a c i l i t a t e s the r eac t ion . This effect may be due 
to the increase in a v a i l a b i l i t y of the pro tons , which aids 
in s t a b i l i z i n g the Y(IV) species formed. The Cx(V) complex 
i s an oc tahedra l ly coordinated cis-dioxo b i s (l igand species. 
o 
O ^° 
CX(Y) 0 0 = b i d e n t a t e l i gand 
The produc t HCx(lV) complex i s a mono-oxo b i s ( l i g a n d ) spe-
c i e s 
0 
^ 0 . II ,.0 
..vdv):; 
^ 0 " ! 
OK 
HCx(lV) 
The sixth position in HCx(IV) would be occupied by a loosely 
bound hydroxide or water molecule. These simplified s t r u c -
t u r e s show the r a d i c a l changes which occur upon e lect ron 
t r a n s f e r . 
R E S U L T S 
Thoroughly mixed mixtures of sodium m-vanadate with 
pyrocatechol and pyroga l lo l produced blackish and grey 
colour oroducts, r e spec t ive ly at room temperature. On 
heat ing to 40°C, the blackish oroduct turned je t black and 
the grey one to b lackish grey. On placing powdered pyro-
catechol or pyroga l lo l over powdered sodium m-vanadate in 
g la s s c a p i l l a r y , black and d i r t y brown colour boundaries 
were formed at the in t e r f ace which grew towards sodium 
m-vanadale. Gal l i c acid does not reac t e i t h e r on mixing 
or in c a p i l l a r y . 
Kinet ic measurements 
The progress of the reac t ion was studied by recording 
the th ickness of the product l ayer formed in the cap i l l a ry . 
The diffusion r a t e constants for d i f fe ren t p a r t i c l e s izes 
of sodium m-vanadate at d i f fe ren t temperatures are given in 
Tables 1 and 2. The k i n e t i c s was a lso performed by keeping 
an a i r -gap between the r eac t an t s caken in the g lass c a p i l -
! ' . * • • ) 
Table 1 
Tempera.ture dependence of pa r ame te r s of t h e equa t ion 
Y^ ^ - kt f o r sodium m-vanada t e -py roca t echo l r e a c t i o n 
with d i f f e r e n t p a r t i c l e s i z e . 
4 P a r t i c l e s i z e Temperature k x 10 n 
°C (cm^ hr"^) 
300-400 Mesh 48 
41 
37 
30 
23 
250-300 Mesh 42 
38 
33 
22 
150-200 Mesh 41 
34 
29 
23 
26.18 
16.90 
14.90 
8.87 
6.35 
19.90 
17.60 
13.70 
8.50 
23.00 
17.10 
14.00 
9.60 
1.72 
1.72 
1.66 
1.71 
1.69 
1.81 
1 .72 
1.71 
1.74 
1 .84 
1.82 
1.80 
1.80 
i.-:i 
Table 2 
Temperature dependence of parameters of the equation 
Y'^  - kt for sodium m-vanadate-pyrogallol reac t ion 
with d i f fe ren t p a r t i c l e s i z e . 
P a r t i c l e s ize 
300-400 Mesh 
250-300 Mesh 
150-200 Mesh 
Temperature 
65 
55 
48 
37 
25 
65 
48 
37 
30 
65 
55 
48 
41 
30 
k X 10^ 
(cm^ hr"'') 
4.898 
3.930 
1.950 
1.140 
0.416 
6.397 
3.000 
1.760 
0.871 
10.960 
9.279 
8.080 
5.514 
2.856 
n 
2.60 
2.56 
2.74 
2.61 
2.79 
2.64 
2.70 
2.74 
2.80 
2.62 
2.65 
2.67 
2.74 
2.70 
1 : y 
l a r y . The values of the r a t e constants are recorded in 
Tables 5 and 4. 
Thermal measurements 
An equimolar mixture of the reacta,nts was f i r s t 
shaken thoroughly in a Dewar f l ask and then allowed to 
stand undisturbed in an insu la ted box and the r i s e in tem-
perature was recorded with time as i s shown in Figure 3a. 
This study could not be performed with pyrogal lo l because 
of very slow r i s e in temperature. In the DTA curves of the 
mixtures containing 12j^  of pyrocatechol and &fo of pyrogal lo l 
the endothermic peaks for the o-diphenols disappeared (Fig. 
5b) . The endothermic peaks appeared in DTA curves of the 
mixtures having s t i l l higher percentages of the o-diphenols. 
The extent to which the reac t ion in sol id s t a t e pro-
ceeds was also determined by ex t rac t ion s tudies as described 
before . The r e s u l t s are near ly in conformity with DTA 
s tud i e s . The weight l o s s due to evolution of water has 
also been recorded in these r e a c t i o n s . 
X-ray s tudies 
Sodium m-vanadate-pyrocatechol and sodium m-vanadate-
pyroga l lo l mixtures in d i f f e ren t molar r a t i o s were mixed 
very well and dried at 60°C, The c a p i l l a r y product and the 
Table 3 
Ef fec t of t h e l e n g t h of a i r - g a p on r a t e cons t an t fo r 
sodiujn m-vanada t e -py roca t echo l system 
4 
Temoerature a i r - g a p d k x 10 
°C (cm) (cm^ hr""*) 
c 6 
45 
35 
0.186 
0.260 
0.564 
1.201 
1.816 
0.212 
0.432 
0.794 
1.200 
0.168 
0.302 
0.676 
1.184 
5.794 
5.035 
3.581 
1.528 
1.014 
5.210 
2.660 
1.470 
0..895 
3.280 
3.150 
1.430 
0.796 
1 •  
Table 4 
Ef fec t of t h e l e n g t h of a i r - g a p on r a t e cons t an t f o r 
sodium m - v a n a d a t e - p y r o g a l l o l system 
r 
Temperature a i r - g a p d k x 10 
°C (cm) (cm h r ) 
59 
54 
45 
0.105 
0.275 
0.410 
0.710 
0.125 
0.302 
0.480 
0.672 
0.092 
0.200 
0.580 
0.750 
21 .28 
11 .72 
7.87 
5.224 
16.67 
11.83 
8.872 
7.015 
10.33 
10.05 
4.909 
3.126 
3 
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above m i x t u r e s were ana lysed by X-ray as we l l as by u s u a l 
chemical methods d e s c r i b e d e a r l i e r . The compounds i d e n t i -
f i e d i n d i f f e r e n t samples a re shown i n Tables 5 and 6. 
D I S C U S S I O N 
K i n e t i c d a t a of s o l i d s t a t e r e a c t i o n f o r sodium 
m - v a n a d a t e - p y r o c a t e c h o l and sodium m - v a n a d a t e - p y r o g a l l o l 
systems ob t a ined from c a p i l l a r y exper iments a t d i f f e r e n t 
t e m p e r a t u r e s ( P i g . 3c & 3d) a re found to f i t i n t h e equa t ion 
Y^ = kt 
where Y, n , k and t have t h e i r u s u a l meanings . The l i n e a r 
p l o t s of l og k v s 1/T confirm t h e Arrheneus dependence of 
k ( F i g . 3e & 3 f ) . The a c t i v a t i o n pa rame te r s c a l c u l a t e d by 
t h e l i n e a r l e a s t square t echn ique (Table 7) c l e a r l y suggest 
t h a t t h e d i f f u s i o n occu r s v i a su r f ace m i g r a t i o n . The d i f f u -
s ion r a t e cons t an t i n c r e a s e s with i n c r e a s i n g t empera tu re 
and p a r t i c l e s i z e (Table 1 and 2 ) . 
The r a t e measurements were a l s o made by keeping an 
a i r - g a p between t h e two r e a c t a n t s . The r a t e f a l l s wi th i n -
c r ea se i n t h e l e n g t h of t h e a i r - g a p (Tab les 3 and 4 ) . The 
l i n e a r p l o t s of l o g k a g a i n s t d ( P i g . 3g) i n d i c a t e t h a t 
d i f f u s i o n i s o c c u r r i n g v i a su r f ace m i g r a t i o n . 
i \ '.t 
Table 5 
X-ray r e s u l t s of NaVO^-CgH.(OH)2 reac t ion 
Sodiiiin m-vanadate-pyrocatechol 
mixed in molar r a t i o of Compounds iden t i f i ed 
1:1 
10:1 
1:10 
C a p i l l a r y p r o d u c t 
NaVOj, CgH^(0H)2 
NaVOa 
CgH4(0H)2 
NaVO-
T a b l e 6 
X - r a y r e s u l t s of NaVO^-CgH-^(OH) ^ r e a c t i o n 
Sodium m - v a n a d a t e - p y r o g a l l o l 
mixed i n m o l a r r a t i o of Compounds identified 
1:1 
10:1 
1:10 
NaVO^, CgH^COH)^ 
NaVO, 
CgH (OH), 
C a p i l l a r y p r o d u c t RaVO. 
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REACTIONS 
1 •. \) 
The X-ray d i f f r ac t ion data obtained with the dif-
ferent molar mixtures of the r eac t an t s and the cap i l l a ry 
product (Tahles 8, 9, 10) c l ea r ly prove tha t the react ion 
proceeds to a l i t t l e extent to be detected by t h i s t ech-
nique. The DTA and ex t rac t ion st i idies are also suggestive 
of only a t h i n l ayer of the product . 
Kustin and coworkers have reported tha t when acidic 
so lu t ions of vanadium(V) and e i t h e r catechol or i t s der iva-
t i v e s are mixed, a r ead i ly d i s t ingu i shab le red colour 
appears rapid ly and then d isappears . The red colour was 
a t t r i b u t e d to the formation of vanadium(Y)-ligand complex 
which subsequently disappears because of the oxidat ion of 
the l igand by vanadium(V). The maximum absorbance of the 
said in termediate complex was reported at 485 nm. The 
r e s u l t s were found to be consis tent with the scheme 
V(V) + Hpl ^ ^ -^  C (rapid) 
^ r 
V(V) + C > 2V(IV) + L (slow) 
where HpL, C and L denote o-diphenols , in termediate complex 
and oxidized form of l igand. 
In experiments where vanadium(V) was in su f f i c i en t ly 
large excess to ensure t ha t r eac t ion was pseudo f i r s t order 
Table 8 
X-ray d i f f r a c t i o n of NaVO^-CgH.(OH)2 c a p i l l a r y product 
d , i n A° 
1 4 . 0 0 
4 . 9 9 
4 . 7 2 
3 . 5 9 
5 . 4 2 
5 . 2 5 
^ / ^ o 
4 0 . 6 
5 0 . 0 
3 4 . 3 
6 5 . 6 
4 0 . 5 
1 0 0 . 0 
d , i n A° 
3 . 1 3 
2 . 7 7 
2 . 6 7 
2 . 4 4 
2 . 1 7 
1.80 
I / I 
' 0 
9 3 . 7 
3 9 . 5 
4 3 . 7 
2 1 . 8 
1 5 . 6 
28 .1 
Table 9 
X-ray d i f f r a c t i o n of NaVO^ and C^H.COH)^ mix tu re mixed i n 
molar r a t i o 1:1 
d , i n A° 
1 3 . 9 7 
4 . 9 8 
4 . 7 9 
4 . 7 3 
4 . 4 2 
3 . 8 6 
3 . 7 0 
3 . 6 0 
3.4 5 
3 . 2 5 
+ 
+ 
* 
+ 
* 
* 
* 
+ 
* 
+ 
I / I 
' 0 
3 5 . 0 
5 2 . 0 
3 6 . 0 
3 4 . 0 
4 8 . 0 
3 5 . 0 
4 1 . 0 
4 9 . 0 
5 1 . 0 
1 0 0 . 0 
d , i n A° 
3 . 1 2 + 
2 . 7 8 + 
2 . 4 4 + 
1 . 8 0 + 
+ f o r IJaVO^ 
* f o r GgH^(OH) 
I / I o 
8 9 . 0 
3 2 . 5 
2 0 . 0 
2 9 . 0 
2 
Table 10 
X-ray d i f f r a c t i o n of NaVO^ and C/-H^(OH)^ mix tu re mixed 
i n r a t i o of 1:1 
i '.') 
d, i n A° 
6.20 * 
5.51 * 
4.99 + 
4.72 + 
3.59 + 
3.52 * 
3.25 + 
3.23 * 
I / ^ o 
44 .0 
38 .0 
34 .8 
24.0 
52.2 
47 .3 
100.0 
41 .0 
d, i n A° 
3 .13 + 
3.03 * 
2.77 + 
2.67 + 
2.44 + 
2.17 + 
1 .80 + 
+ f o r NaVO^ 
* f o r GgH^COH) 
I / ^ o 
47 .8 
16.0 
28.3 
26.0 
13.0 
13.0 
19.5 
3 
1 
and to preclude the formation of (1:2) meta l : l igand or 
higher complex, maximiim absorbance at 380 nm, point ing to 
o-quinone formation was de tec ted . I t was also observed 
tha t t h i s 380 nm band disappears slowly, presumably due to 
the i n s t a b i l i t y of o-quinone in aqueous media. 
In the equimolar sol id mixtures of sodium m-vanadate 
and o-diphenols , o-quinone was not de tec ted . This was con-
firmed by s o l u b i l i t y and v i s i b l e spectrophotometry (o-quinone 
i s soluble in hot benzene). Acetone ex t rac t of the solid 
reac tan t mixture was v i o l e t in colour with maximum absorb-
ance at 545 nm and remained s tab le for hours toge ther . 
Acetone solut ion of o-diphenols did not develop any colour 
with sol id sodium m-vanadate even on long vigorous shaking. 
The reac t ion in sol id s t a t e proceeds with the evolu-
t i o n of water. After weight l o s s measurement for evolution 
of water , the sol id mixtures were ext rac ted with acetone to 
remove the product and unreacted o-diphenols completely. 
Unreacted vanadate was washed, dried and weighed. Knowing 
the amount of water evolved and sodium m-vanadate reac ted , 
the amount of o-diphenols reacted was ca lcu la ted . These 
observat ions were found in good approximation of s t o i c h i o -
metric r a t i o of one mole of sodium m-vanadate to two moles 
of o-diphenols . These f indings seem to be consis tent with 
1.-. J 
t i le fo l l owing scheme: 
NaYO, + H2L ^ NaV0(0H)2li ( r a p i d ) 
( i n t e r m e d i a t e complex) 
NaV0(0H)2L + E^h > NaV0L2 + 2H2O (slow) 
(1 :2 ) complex 
The product formed from sodium m-vanadate-pyrocate-
chol in the capillary was not soluble either in acetone, 
benzene or ether. This, however, dissolved in water giving 
green colour solution with max at 680 nm. The green 
32 
aqueous solution slowly turned brown. Kustin and coworker 
have also reported the formation of the green species and 
its conversion into brown species of unknown composition 
and held the view that the green colour was due to inter-
mixing of the yellow and blue colour. My results clearly 
show that the green colour is due to a new species and is 
not due to the intermixing of yellow and blue solution. 
However, no investigations could be made to ascertain its 
composition. 
Sodium m-vanadate-pyrogallol capillary product brown 
in colour, insoluble in common organic solvents gave brown 
colour solution in water. It appears that pyrogallol is sim-
ply oxidised and further reaction takes place in capillary. 
i , 
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S U M M A R Y 
In the present i n v e s t i g a t i o n , the sol id s t a t e 
r e ac t i ons between sodiiun molybdate, soditim tungs ta t e and 
sodium m-vanadate with o-diphenols have been s tudied. All 
the r eac t i ons were studied sys temat ica l ly by thermal , spec-
trophotometr ic and X-ray measurements. The k i n e t i c inves-
t i g a t i o n s of a l l the r eac t ions were performed by cap i l l a ry 
method. 
The k i n e t i c da ta for these so l id s t a t e r eac t ions 
obtained from c a p i l l a r y experiments have been found to f i t 
in the following equation, 
Y^ = kt 
where Y is the thickness of the product layer at time t, 
k and n are constants. The value of n is different for 
different reactions and is independent of temperature. The 
diffusion rate constant k rises with rise in temperature 
and particle size. 
The linear plots of log k versus 1/T confirm the 
Arrheneus dependence of k. The activation parameters have 
-1 
been calculated by linear least square technique (Table 1). 
The low value of activation energy and negative value of 
activation entropy suggest that the diffusion of o-diphe-
nols in the system occurs via surface migration. 
For further confirmation of the mode of transport, 
rate measurements were also made by keeping air-gap between 
the two reactions. The rate in all the systems were found 
to fall with increase in the length of air-gap. The linear 
plot of log k against air-gap length indicate that the 
diffusion occurs via surface migration. 
X-ray diffraction patterns of various molar mixtures 
and capillary products were taken. The diffraction patterns 
for the capillary products had diffraction lines for the 
inorganic compounds only and the same was the case with 
mixtures having low o-diphenols contents. On the contrary, 
diffraction lines of o-diphenols alone were seen in the 
patterns obtained with high proportions of o-diphenols. 
The patterns of equimolar mixtures of inorganic compounds 
and o-diphenols had the diffraction lines of both the 
reactants. No new diffraction line was, however, detected 
in any of the patterns. This is probably due to the fact 
that the reaction proceeds to a small exigent to be detected 
• I 
by t h i s technique. The DTA s tud ie s and the spectrophoto-
metr ic i n v e s t i g a t i o n s of the e x t r a c t s of so l id s t a t e r e a c -
t i o n mixtures are also in conformity with the above view 
po in t . 
UV-visible and IR spec t ra of t h e products formed 
in d i f fe ren t molar mixtures and the cap i l l a ry tube showed 
the presence of mono complexes i n case of sodium molybdate/ 
sodium tungsta te—o-diphenols systems. Sodixim m-vanadate-
o-diphenols r eac t ion were accompanied with the evolution of 
water. The r e s u l t s obtained by Kustin and coworkers in 
so lu t ions were cons is ten t with the scheme: 
V(V) + HgL ^ C (rapid) 
V(V) + C ^ ^ 2V(IV) + L (slow) 
where Hpl, C and L denote o-diphenols , in tennedia te complex 
and oxidised form of o-diphenols , r e spec t i ve ly . In solut ion 
s t u d i e s , i t has been reported tha t at higher vanadate con-
cen t r a t i on , a blue compound having maxima at 680 nm was 
formed. This was a t t r i b u t e d to vanadium(IV) complex of 
o-diphenols , while acetone ex t rac t of the sol id reactant 
mixture was v i o l e t i n colour with maximum absorbance at 
545 nm. 
carboxyl group of t he other g a l l i c acid molecule bring 
about compactness in the sol id g a l l i c ac id . This compact-
ness a r i s i n g out of in termolecular hydrogen bonding renders 
g a l l i c acid i n e r t towards s o l i d - s o l i d r eac t ion with o-d i -
phenols . 
On hea t ing the so l id mixtures of Na2Mo0./Na2W0. and 
o-diphenols above SCO, the evolut ion of water was noted 
but e thanol ic e x t r a c t s of the mixture could not give max 
of the expected b i s complexes. On keeping the mixture for 
a long t ime, the reddish brown and yellow products turned 
black. No s t r u c t u r a l determination could, however, be 
made in t h i s regard. 
0 
H 
03 
EH 
O 
• H 
- P 
O 
03 
0) 
!H 
Ti 
•H 
H 
o 
03 
•O 
• H 
H 
O 
to 
o 
to 
® 
0) 
^1 
OS 
ft 
o 
•H 
•P 
cS 
•H 
-P 
O 
<5 
o 
• H 
PL, 
o 
•H +5 
•P fl 
O <D 
«a1 
•H 
• P 
0] 
P H 
(D 
• 
H 
O 
H 
03 
O 
O 
• H 
- P 
OS 
> 
•H 
•P 
O 
<>5 
H 
O 0) 
00 
03 
o 
•H 
-P 
O 
cd 
H 
o 
o 
M 
GO 
CO 
i n 
• 
O 
+1 
i n 
• 
o i n 
1 
V -
<M 
• 
T — 
+ 1 
00 
• (X) 
1 
CTi 
";*• 
• 
O . i' 
<y^ 
• 
^r™ 
i n 
1 
CTi 
00 
• 
o. J' 
00 
• 
00 
tn 
1 
<\J 
c^  
• 
V -
+ 
c-
• 
CM 
1 
00 
• 
?l 
00 
• 
o 
+1 
U3 
CTi 
i n 
• 
i n 
cr> 
<M 
• 
o 
+1 
o 
i n 
• 
CJ 
o 
o 
1 
o o t<^ 
o 
o 
1 
1 
o o tn 
o 
o 
1 
1 
o o tn 
O 
o 
vt-
o 
o tn 
o 
o 
1 
1 
o o tn 
o 
xi 
o 
Q) 
td 
o 
o 
u 
>1 
ft 
I 
o 
0 
H 
O 
H 
H 
03 
(50 
O 
5^ 
l>> 
ft 
I 
® 
fit 
o 
a 
H 
O 
o 
® 
o 
o 
u 
ft 
I 
o 
1^  
-p 
tiO 
pi 
4^ 
H 
O 
O 
o 
-p 
03 
o 
o 
u 
>i 
ft 
H 
O 
H 
H 
03 
O 
>> 
ft 
I 
0) 
•p 
03 i § 
a a 
•rH 
O 
CQ 
• H 
o 
CQ 
• H 
O 
CO 
• H 
n 
o 
CO 
•H 
o 
CO 
